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7KHPDLQ IRFXVRI WKLV WKHVLV LV WKH LQYHVWLJDWLRQRI VWUXFWXUH DQGPRWLRQ RI
GLIIHUHQWPDWHULDOVE\DSSO\LQJGLIIHUHQWVROLGVWDWH105WHFKQLTXHV
,Q WKH ILUVW VHFWLRQ  VRPH RI WKH EDVHV RI 105 DUH GHVFULEHG ERWK LQ D
&ODVVLFDO  DQG4XDQWXP0HFKDQLFDO  DSSURDFKZKLOH WKH QH[W WZR
VHFWLRQVGHDOZLWKWKHH[SHULPHQWDOSDUWRIWKHZRUN





&V&	 ZKLFK LV EDVHG VROHO\ RQ RXU H[SHULPHQWDO GDWD LV SUHVHQWHG ,Q
FRQWUDVW WRSUHYLRXVZRUN WKHDVVLJQPHQWGRHVQRWUHO\RQWKHNQRZOHGJHRI
WKHHOHFWURQLF VWUXFWXUHRI WKLVPDWHULDO DQGRXU UHVXOWV VXSSRUWD IXOO\ WKUHH
GLPHQVLRQDO HOHFWURQLF VWUXFWXUH DV RSSRVHG WR D TXDVL RQHGLPHQVLRQDO RQH
7KLV LV DFKLHYHG XVLQJ D WZRGLPHQVLRQDO


& 0$6 105 FRUUHODWLRQ
H[SHULPHQW ZKLFK LGHQWLILHV QXFOHL FRXSOHG YLD D WKURXJKERQG VFDODU
LQWHUDFWLRQWKH5HIRFXVHG,1$'(48$7(
,Q VHFWLRQ  VROLGVWDWH 105 H[SHULPHQWV SHUIRUPHG RQ SRO\HWK\OHQH DQG
ORQJFKDLQ QDONDQHV FRUUHVSRQGLQJ WR WKH IRUPXOD &+ DUH GHVFULEHG
3DUWLFXODUDWWHQWLRQLVJLYHQWRVRPHVSHFLILFLVVXHVVXFKDVFKDLQIROGLQJDQGD
GHWDLOHGVWXG\RIWKHVDWXUDWLRQUHFRYHU\FXUYHV7REWDLQHGLVFDUULHGRXWIRU
GLIIHUHQW PDWHULDOV 7KH PRGHO HODERUDWHG LV DEOH WR VLPXODWH DOO WKH GDWD
UHFRUGHG DQG WKH SUHVHQFH RI DQ LQWHUSKDVH EHWZHHQ WKH FU\VWDOOLQH DQG WKH
DPRUSKRXVSDUWVRIWKHVDPSOHVLVSURSRVHG
7R KHOS WKH XQGHUVWDQGLQJ RI WKH VWUXFWXUH DQG WKHPRWLRQ RI ORQJFKDLQ Q





+&+&+'&'&ﬀ+ﬁﬀ ³WKH PL[WXUH´ DUH DOVR VWXGLHG
'HXWHULXP105LVZLGHO\XVHGDQGZHILWDOOWKHH[SHULPHQWDOOLQHVKDSHRI










 &RQVLGHU WKH EHKDYLRXU RI D PDJQHWLF PRPHQW P LQ WKH
SUHVHQFHRIDPDJQHWLFILHOG%ﬃ WKH IRUPHUZLOOH[SHULHQFHD WRUTXHPu%


























































7KH PRWLRQ RI WKH PDJQHWLF PRPHQW GHVFULEHG E\ WKH DERYH LV RQH RI
SUHFHVVLRQPH[SHULHQFHVDWRUTXHWKDWLVSHUSHQGLFXODUWRERWKPDQG%L7KH
DQJOH EHWZHHQ P DQG %L GRHV QRW FKDQJH DQG VR WKH WLS RI WKH YHFWRU P
XQGHUJRHVSUHFHVVLRQDERXWWKHPDJQHWLFILHOGD[LVDQGWUDFHVRXWDFRQHDVD
IXQFWLRQRI WLPH7KH DQJXODU IUHTXHQF\ RI SUHFHVVLRQ LV JLYHQ E\ZM   J%N
DQGZHFDQGHILQHQO ZOS J%PSWKH/DUPRUSUHFHVVLRQIUHTXHQF\WKDW
LV LGHQWLFDO WR WKHSKRWRQIUHTXHQF\UHTXLUHG WRGULYH WUDQVLWLRQVEHWZHHQ WKH
VWDWHVRIWKHVSLQV\VWHP
6R IDU RQO\ WKH EHKDYLRXU RI LQGLYLGXDO QXFOHDU VSLQV KDV EHHQ FRQVLGHUHG
+RZHYHU DPDFURVFRSLF VDPSOH FRQWDLQV DQ HQVHPEOH RIPDQ\ VXFK VSLQV







HQHUJ\ GLIIHUHQFH EHWZHHQ WKH VWDWHV DQG 'QX UHIHUV WR WKH HTXLOLEULXP
VLWXDWLRQ7KHWRWDOPDJQHWLFPRPHQWRIWKHVDPSOH0LVWKHUHVXOWDQWRIWKH
LQGLYLGXDOPDJQHWLFPRPHQWVP$W HTXLOLEULXP0 LV DORQJ WKH] GLUHFWLRQ
DQGKDVDPDJQLWXGH










/HW XV DSSO\ UDGLRIUHTXHQF\ UI UDGLDWLRQ WR D VDPSOH LQ WKH SUHVHQFH RI D









DSSUHFLDEOHHIIHFW7KHVROXWLRQWR WKH WRUTXHHTXDWLRQ LVPDGHSRVVLEOHE\D
WUDQVIRUPDWLRQ WR D FRRUGLQDWH V\VWHP URWDWLQJ DW WKH WUDQVPLWWHU IUHTXHQF\
Z
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7KH UHVRQDQW QDWXUH RI WKH 105 SKHQRPHQRQ LV PDGH FOHDU IURP WKLV
WUHDWPHQW VLQFH RQO\ DQ DSSOLHG ILHOGZLWKZ LQ WKH YLFLQLW\ RI WKH /DUPRU
IUHTXHQF\ZLOO FDXVH WKH HIIHFWLYH ILHOG WR WLOW DSSUHFLDEO\ DZD\ IURP WKH ]
D[LV
















































7KLV DQDO\VLV LQGLFDWHV KRZ D PDJQHWLF UHVRQDQFH H[SHULPHQW PD\ EH
SHUIRUPHG ,I DQ UI SXOVH RI GXUDWLRQ W¥ DQG IUHTXHQF\Z¦ LV DSSOLHG WR WKH
V\VWHPSRODULVHGLQDSODQHSHUSHQGLFXODUWRWKHDSSOLHGVWDWLFPDJQHWLFILHOG
WKHQ0ZLOOEHWLSSHGWKURXJKDQDQJOHT2QFHWKH%§ILHOGLVVZLWFKHGRIIWKH








,QRUGHU WRH[SUHVVWKH UHWXUQRI WKHWUDQVYHUVHPDJQHWLVDWLRQSURGXFHG WR LWV
HTXLOLEULXPYDOXHWKHYHFWRUPRGHOFDQEHH[WHQGHGLQWKHIROORZLQJIDVKLRQ
7KLVLVEDVHGRQWKHREVHUYDWLRQWKDWDIWHUSXOVHGH[FLWDWLRQWKH]FRPSRQHQW



































SURFHVV ZLWK WLPH FRQVWDQW 7Ó UHSUHVHQWV WKH UHWXUQ RI WKHVH WR WKHLU
HTXLOLEULXPYDOXHV7KLV LQYROYHVH[FKDQJHRIHQHUJ\EHWZHHQ WKH VSLQVDQG
WKHLU VXUURXQGLQJV DQG LV WUDGLWLRQDOO\ NQRZQ DV ³VSLQODWWLFH´ RU
³ORQJLWXGLQDO´ UHOD[DWLRQ 7KH VHFRQG SURFHVV UHSUHVHQWV D UHGXFWLRQ LQ WKH





















JHQHUDOO\ PL[HG ZLWK D UHIHUHQFH VLJQDO SULRU WR GLJLWLVDWLRQ VR WKDW WKH
IUHTXHQFLHVDFWXDOO\REVHUYHGDUHRIIVHWVIURPWKLVUHIHUHQFHVRDQ\GHYLDWLRQ
IURP UHVRQDQFH LV PDQLIHVWHG DV D PRGXODWLRQ RI WKH ),' ,I WKH UHIHUHQFH
IUHTXHQF\ LV LGHQWLFDO WR WKH WUDQVPLWWHU IUHTXHQF\ WKLV LV HTXLYDOHQW WR





7KH Q2H 1XFOHDU 2YHUKDXVHU (IIHFW LV D FKDQJH RI LQWHQVLW\ RI DQ 105
UHVRQDQFH ZKHQ WKH WUDQVLWLRQV RI DQRWKHU RQH DUH SHUWXUEHG XVXDOO\
VDWXUDWHGè7KHQ2HLVWKHQDPDQLIHVWDWLRQRIWKHDWWHPSWRIWKHWRWDOV\VWHP
WR VWD\ DW WKHUPDO HTXLOLEULXP ZH KDYH IRUFLEO\ FKDQJHG WKH SRSXODWLRQ
GLIIHUHQFHVRISDUWRI LW VRRWKHUSDUWVFKDQJH LQFRPSHQVDWLRQ6XSSRVH WKH













VSLQV UHTXLUHV D TXDQWXP PHFKDQLFDO WUHDWPHQW
í
 ,Q DGGLWLRQ WKH VWDWLVWLFDO
SURSHUWLHVRI DQ HQVHPEOHRI VXFK VSLQVPXVW DOVREH FRQVLGHUHG LQ RUGHU WR
DFFRXQWIRU WKHEXONQDWXUHRI WKH105SKHQRPHQRQ+HQFHGHQVLW\PDWUL[
WKHRU\ ZKLFK LQFRUSRUDWHV ERWK VWDWLVWLFDO DQG TXDQWXP PHFKDQLFDO LGHDV









M @ LK óM S
ZKHUHDEJDUH[\]DQGF\FOLFSHUPXWDWLRQVRIWKHVH)RUVLPSOLFLW\WKH
FLUFXPIOH[ LV RPLWWHG LQ WKH V\PEROV UHSUHVHQWLQJ RSHUDWRUV0DQ\ TXDQWXP
PHFKDQLFDO REVHUYDEOHV DUH DVVRFLDWHG ZLWK RSHUDWRUV WKDW REH\ WKHVH
FRPPXWDWLRQ UXOHV DQG DUH WUHDWHG DV DQJXODU PRPHQWD HYHQ WKRXJK WKHLU
RULJLQV KDYH OLWWOH WR GR ZLWK WKH IDPLOLDU FODVVLFDO TXDQWLW\ )URP RQO\ WKH
FRPPXWDWLRQ UHODWLRQV RI (T  DQG WKH +HUPLWLFLW\ RI RSHUDWRUV










ZLWK Pú   M M«M 7KH HLJHQIXQFWLRQV ~MPú! DUH D VHW RI VSKHULFDO
KDUPRQLFV2QO\WKHWRWDOPDJQLWXGHDQGRQHRIWKHFRPSRQHQWVWUDGLWLRQDOO\
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7KH GHILQLWLRQV JLYHQ KHUH DSSO\ WR DOO TXDQWXP PHFKDQLFDO TXDQWLWLHV WKDW
EHKDYHDVDQJXODUPRPHQWDLQFOXGLQJQXFOHDUVSLQ6XFFHVVLYHDSSOLFDWLRQRI
WKH UDLVLQJRU ORZHULQJRSHUDWRUV HVWDEOLVKHV WKDW IRU VSLQ±SDUWLFOHV WKH
WZR VWDWHV~! DQG~ ±! IRUP WKH FRPSOHWH VHW RI VSLQ DQJXODU
PRPHQWXPHLJHQIXQFWLRQV)RUFRQYHQLHQFHWKHVHDUHUHSUHVHQWHGDV~D!DQG





































































,Q DQDORJ\ZLWK DQJXODUPRPHQWXP RSHUDWRUV WKDW JHQHUDWH URWDWLRQV RU FR
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VSLQ VSDFH FDQ EH HVWDEOLVKHG IURP WKH PDWULFHV RI (T  RU WKH
FRPPXWDWLRQUHODWLRQVRI(T
 7KH1XFOHDUVSLQ+DPLOWRQLDQRSHUDWRU
7KH HQHUJ\ RI D V\VWHP LV REVHUYDEOH DQG WKH FRUUHVSRQGLQJ RSHUDWRU+ LV
NQRZQ DV WKH +DPLOWRQLDQ RSHUDWRU ,W SOD\V DQ LPSRUWDQW UROH LQ TXDQWXP
PHFKDQLFV DV LWV HLJHQIXQFWLRQVGHVFULEH WKH VWDWLRQDU\ VWDWHVRI WKH V\VWHP

7KH FRPSOHWH +DPLOWRQLDQ IRU D PROHFXOH FRQWDLQV WHUPV GHVFULELQJ WKH
NLQHWLF HQHUJ\ RI HDFK SDUWLFOH WKH SRWHQWLDO HQHUJ\ RI LQWHUDFWLRQV EHWZHHQ
SDUWLFOHV DQG LQWHUDFWLRQV RI WKH SDUWLFOHV ZLWK DQ\ H[WHUQDO HOHFWULF RU
PDJQHWLF ILHOGV ,W FDQ EH GLYLGHG DSSUR[LPDWHO\ LQWR WHUPV UHSUHVHQWLQJ
HOHFWURQLFYLEUDWLRQDOURWDWLRQDODQGQXFOHDUVSLQFRQWULEXWLRQVWRWKHHQHUJ\
DQG WKHZDYH IXQFWLRQFDQEHZULWWHQ DV DSURGXFWRI HOHFWURQLF YLEUDWLRQDO
URWDWLRQDODQGQXFOHDUVSLQIXQFWLRQVHDFKRIZKLFKLVDQHLJHQIXQFWLRQRILWV
RZQHIIHFWLYH+DPLOWRQLDQ7KHIXOOQXFOHDUVSLQ+DPLOWRQLDQFRQWDLQVWHUPV
ZKLFK UHSUHVHQW VHYHUDO LQWHUDFWLRQV LQFOXGLQJ GLUHFW DQG LQGLUHFW VSLQ
FRXSOLQJVKLHOGLQJE\WKHVXUURXQGLQJHOHFWURQVDQGWKHLQWHUDFWLRQVZLWKWKH
H[WHUQDO VWDWLF ILHOG DQG WKH DSSOLHG UDGLR IUHTXHQF\ ILHOG 7KH UHOHYDQW VSLQ
+DPLOWRQLDQV H[SUHVVHG LQ IUHTXHQF\ XQLWV
!
(














   ¦ Q RSRTU ,WW%+ JZFRV V







RI FKHPLFDO HQYLURQPHQW RI WKH DWRP LQ TXHVWLRQ^ 7KH SHUWXUEDWLRQ RI WKH
=HHPDQ HQHUJ\ OHYHOV FDXVHG E\ WKH HOHFWURQLF FRQWULEXWLRQ WR WKHPDJQHWLF
ILHOGLVYHU\VPDOODQGLVQRUPDOO\H[SUHVVHGLQSSP)RUSURWRQVWKHQRUPDO
UDQJH RI VKLIWV LV DERXW  SSP)RUPROHFXOHV H[HFXWLQJ UDSLG DQG UDQGRP
URWDWLRQ LQ OLTXLGV WKLV ORFDOPDJQHWLF ILHOG%








ZKHUHV LV QRZ D VHFRQG UDQN WHQVRU7KDW LV WKH ORFDO FKHPLFDO VKLIW ILHOG
PD\ GLIIHU DFFRUGLQJ WR WKH GLUHFWLRQ RI%a ,I ZH WDNH%a WR EH LQ WKH ]






hi ,+ J 
IRU WKH FKHPLFDO VKLIW +DPLOWRQLDQ WKH VXEVFULSW L UHIHUV WR D SDUWLFXODU
QXFOHXV,IWKHV\PPHWULFSDUWRIWKHWHQVRUVjKDVSULQFLSDOYDOXHVVklVkmDQG



















,Q D VROLG VDPSOH KRZHYHU GLIIHULQJ QXFOHDU VLWHV ZLOO KDYH LQ JHQHUDO
























































,Q DQ LVRWURSLF OLTXLG FRV
Î





















































,W LV FOHDU WKDW E\ FKRRVLQJE VR WKDW FRVE ZHKDYH +   VR WKH
GLSRODU EURDGHQLQJ YDQLVKHV 7KDW LV LI RQH URWDWHV D VROLG VDPSOH DERXW DQ
D[LVPDNLQJDQDQJOHE GHJUHHVDVH[SODLQHGLQVHFWLRQWKHQWKH


















ZKHUH WKH VXP LVRYHUDOOSDLUVRIQXFOHL L DQG M WKH LQWHUDFWLRQ WHQVRU- LV
XVXDOO\H[SUHVVHGLQ+HUW]
 7KH(OHFWULF4XDGUXSROH+DPLOWRQLDQ +
,I WKH QXFOHDU VSLQ LV JUHDWHU WKDQò WKH HOHFWULF TXDGUXSROHPRPHQW RI WKH




ﬁ ++++ !!!  ﬂ
7KHGHXWHULXPTXDGUXSRODU+DPLOWRQLDQLV














FKDUDFWHUL]H WKH JUDGLHQWV RI WKH SRWHQWLDO WKH ILHOG JUDGLHQW HT DQG WKH
DV\PPHWU\SDUDPHWHUKGHILQHGDV
HT 900
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105 FDQ GHWHFW PRWLRQDO SURFHVVHV LI WKH\ FKDQJH WKH QXFOHDU VSLQ
+DPLOWRQLDQ 7KH QDWXUH RI WKHVH PRWLRQDO HIIHFWV GHSHQGV RQ WKH W\SH RI
PRWLRQDQGWKHLUWLPHVFDOH0RWLRQRQWKHVSHFWUDOWLPHVFDOHFDXVHVWKH105
OLQHVKDSHVWRFKDQJH$QLQWHUHVWLQJH[DPSOHRIUDSLGDV\PPHWULFH[FKDQJHLV
HQFRXQWHUHG LQ WKH 105 RI PHWDOV ZKHUH QXFOHDU VSLQV DUH FRXSOHG WR
XQSDLUHGFRQGXFWLRQHOHFWURQVFDXVLQJ WKHVRFDOOHG.QLJKWVKLIW7KLV LVGXH
WRWKHK\SHUILQHFRXSOLQJRIWKHQXFOHXVWRWKHFRQGXFWLRQHOHFWURQVZKLFKDUH
SRODUL]HG E\ WKHPDJQHWLF ILHOG )RU HOHFWURQV WKH=HHPDQ VSOLWWLQJ LV WKUHH
RUGHUV RI PDJQLWXGH ODUJHU WKDQ IRU QXFOHL DQG WKH %ROW]PDQQ SRSXODWLRQ
GLIIHUHQWLDO RI WKH HQHUJ\ OHYHO LQ WKHPDJQHWLF ILHOG OHDGV WR DQ DV\PPHWULF
WZRVLWHV H[FKDQJH FDVH IRU D QXFOHXV FRXSOHG WR DQ HOHFWURQ 9HU\ RIWHQ
HOHFWURQVKDYHDYHU\VKRUW7GDQGVRWKH105VSHFWUXPRIDFRXSOHGQXFOHXV
FROODSVHV WR D VLQJOH SHDN 7KH SRVLWLRQ RI WKH SHDN GHSHQGV RQ WKH UHODWLYH
SRSXODWLRQVRIWKHHOHFWURQLFVWDWHVDQGLV WKHUHIRUHVKLIWHGVLQFHWKHVHVWDWHV



































































$V VKRZQ LQ D SUHYLRXV SDUDJUDSK LVRODWHG PROHFXOHV LQ GHILQLWH URWDWLRQDO
DQG YLEUDWLRQDO VWDWHV DV D PROHFXODU EHDP DQG PROHFXOHV LQ VROLGV KDYH
FRPSOH[ VSLQ +DPLOWRQLDQV )RU QRUPDO IOXLGV DOO WHUPV LQ WKH VSLQ
+DPLOWRQLDQZKLFKGHSHQGRQWKHUHODWLYHRULHQWDWLRQVRIWKHPROHFXOHDQGWKH
DSSOLHG ILHOG DYHUDJH WR ]HUR 7KH VSLQ +DPLOWRQLDQ IRU D VROLG FRQWDLQV
RULHQWDWLRQGHSHQGHQW WHUPV DQG LQ DGGLWLRQ LQFOXGHV LQWHUDFWLRQV EHWZHHQ
PROHFXOHVW 7KH WHUPV LQ WKH+DPLOWRQLDQV WKDW FDXVH105 OLQH EURDGHQLQJ
IRU VROLGV LQYROYH WKHJHRPHWULF IDFWRU FRV
X
T   ,W KDV DOUHDG\EHHQ VDLG
WKDW UDSLG LVRWURSLF PROHFXODU WXPEOLQJ VXFK DV RFFXUV LQ QRQYLVFRXV
VROXWLRQV DYHUDJHV WKLV JHRPHWULF IDFWRU WR ]HUR WKXV H[SODLQLQJ WKH YHU\
QDUURZ105 OLQHV REVHUYHG IRU VXFK VROXWLRQV 7KHUHIRUH LW LV LPSRUWDQW WR









































YDOXHV LI WKHPDWHULDO LVDSRZGHU7KH WHUP w
x













   IRU DOO RULHQWDWLRQV LH DOO YDOXHV RI F 7KXV MXVW DV IRU LVRWURSLF

















EURDGHQLQJ LV HOLPLQDWHG JLYLQJ PXFK KLJKHU UHVROXWLRQ 7KLV VLWXDWLRQ LV
UHIHUUHG WR DV PDJLFDQJOH VSLQQLQJ 0$6 DQG  LV FDOOHG WKH PDJLF
DQJOH,IWKHVSLQQLQJIUHTXHQF\Z LVPXFKODUJHUWKDQWKHVSUHDGLQ/DUPRU
IUHTXHQFLHV FDXVHG E\ FKHPLFDOVKLIW DQLVRWURS\ &6$ VHH WKH QH[W
SDUDJUDSKWKHVSHFWUDFRQWDLQRQO\SHDNVDWWKHLVRWURSLFVKLIWIUHTXHQFLHVRI
WKHGLIIHUHQWFKHPLFDOVLWHV7KHUHVROXWLRQDQGVHQVLWLYLW\WKHQDSSURDFKWKDW




 7KHVH VSLQQLQJ VLGHEDQGV DUH GXH WR WKH PRGXODWLRQ RI WKH




LVRWURSLF VKLIWV 7KH\ DOVR FURZG WKH VSHFWUXP DQG FRPSOLFDWH WKH
DVVLJQPHQWV 1HYHUWKHOHVV WKH\ GR FRQWDLQ YDOXDEOH LQIRUPDWLRQ DV WR WKH
VKLHOGLQJ DQLVRWURSLHV RI WKH LQGLYLGXDO VLWHV ,Q D SRZGHU VSHFWUXP WKHLU







,Q WKH ODVW SDUDJUDSKZH FRQVLGHUHG WKH WLPH DYHUDJH SDUW RI WKH SHUWXUELQJ
+DPLOWRQLDQV DQG VKRZHGKRZ0$6FDQ JUHDWO\ UHGXFH WKH OLQHZLGWKV IRU




















    @¢£¤¥¦¥¦¤¥¦ WW \ZFE\ZF  §§§ FRVVLQVLQFRVVLQ
ZKHUHZHXVHG(TVDQG
1RWLFHWKDWWKHLQWHUDFWLRQFRQWDLQVWHUPVWKDWDUHSHULRGLFZLWKIUHTXHQF\I¨ 
Z¨S ,W FDQ EH VKRZQ WKDW WKLV WLPHGHSHQGHQFH JLYHV ULVH LQ WKH ),' WR D
VHULHV RI HFKRHV VHSDUDWHG E\ D WLPH LQWHUYDO SZ©   I©
ª
«
:KHQ WKH ),' LV
)RXULHUWUDQVIRUPHGWRREWDLQWKHVSHFWUXPWKHVHHFKRHVJLYHULVHWRVSLQQLQJ
VLGHEDQGV VHSDUDWHG IURP WKH FHQWUDO LVRWURSLF VSHFWUDO OLQH DW IUHTXHQF\
LQWHUYDOVHTXDOWRWKHVSLQQLQJIUHTXHQF\I¬









DSSOLHG PDJQHWLF ILHOG WKH 105 VSHFWUD DUH GRPLQDWHG E\ WKH TXDGUXSROH
LQWHUDFWLRQ RI WKH ,    VSLQ ZLWK WKH HOHFWULF ILHOG JUDGLHQW WHQVRU DW WKH












TXDGUXSRODU HQHUJ\ WHUP GRPLQDWHV LQ WKH VROLG VWDWH DQG WKH RWKHU
FRQWULEXWLRQV FDQEHQHJOHFWHG LQ WKH
²








DOORZHG WUDQVLWLRQV EHWZHHQ WKH =HHPDQ OHYHOV (¶·¸ (¶¹ (¶º¸ OHDG WR
GHJHQHUDWH IUHTXHQFLHV »¼ ZZ !!  7KH TXDGUXSRODU WHUP ½+

! LV JLYHQ E\

















ZKHUHT DQGI DUH WKHSRODU DQG D]LPXWKDO DQJOHV UHODWLQJ WKH SULQFLSDO D[LV

















7KH HIIHFW RI WKH DQLVRWURSLF TXDGUXSRODU LQWHUDFWLRQ LV WR UHPRYH WKH
GHJHQHUDF\RIWKH=HHPDQOHYHOVLQWKHVROLGVWDWH7KHWZRDOORZHGWUDQVLWLRQV
UHVXOW LQDSDLURI IUHTXHQFLHV IRUHDFKFKHPLFDOO\ LQHTXLYDOHQWGHXWHURQDQG
WKHVHSDUDWLRQRIWKHUHVRQDQFHIUHTXHQFLHVGHSHQGVRQWKHDQJOHEHWZHHQWKH
H[WHUQDO PDJQHWLF ILHOG DQG WKH ] D[LV RI WKH HOHFWULF ILHOG JUDGLHQW WHQVRU
)URP(T
FRV ð  ' TFXñ
6LQJOH FU\VWDO VWXGLHV RI GHXWHUDWHG PROHFXOHV KDYH EHHQ XVHG WR GHWHUPLQH




WKHUHIRUH WKH VWXG\ RI
ô
+ 105 SRZGHU SDWWHUQV RI SRO\FU\VWDOOLQH DQG
DPRUSKRXVVROLGVKDVEHHQPRUHZLGHO\XVHG
 6WDWLFOLQHVKDSH
$õ+105 VSHFWUXP RI D VLQJOH FU\VWDO ZLOO VKRZ WZR GLVFUHWH UHVRQDQFHV
ZKHUHWKHVHSDUDWLRQLQIUHTXHQF\LVUHODWHGWRWKHDQJOHEHWZHHQWKHSULQFLSDO
D[LVRIWKHTXDGUXSRODUWHQVRUDQGWKHODERUDWRU\IUDPH,QDSRO\FU\VWDOOLQHRU
DPRUSKRXV VROLG D UDQGRP GLVWULEXWLRQ RI RULHQWDWLRQ RI FU\VWDOOLWHV RFFXUV
ZKHUHHDFKRULHQWDWLRQKDVHTXDOSUREDELOLW\)RUGHXWHULXPLQVROLGVRQHFDQ
GHVFULEH WKH GLVWULEXWLRQ E\ DQ HTXDWLRQ UHODWLQJ WKH DQJXODUGHSHQGHQW






















GLVFUHWH OLQHV DQG ZLOO DFFRXQW IRU DOO SRVVLEOH RULHQWDWLRQV ,Q RUGHU WR
GHWHUPLQH WKH OLQH VKDSH LW LV QHFHVVDU\ WR FDOFXODWH WKH LQWHQVLW\ RI WKH
UHVRQDQFHOLQHVDWHDFKRULHQWDWLRQ
,W LV YHU\ GLIILFXOW WR GHULYH WKH 105 VLJQDO DQDO\WLFDOO\ VR LW LV FRPPRQ
SUDFWLFHWRFDOFXODWHLWQXPHULFDOO\7KHQXPHULFDOVLPXODWLRQPXVWLQFRUSRUDWH
D ³SRZGHU DYHUDJH´ RYHU DOO SRVVLEOH PROHFXODU RULHQWDWLRQV 6LQFH WKH
FRPSXWDWLRQRIWKH105VLJQDOIRUHDFKRULHQWDWLRQLVRIWHQWLPHFRQVXPLQJ
LW LV KLJKO\ GHVLUDEOH WKDW D UHDVRQDEOH QXPHULFDO DSSUR[LPDWLRQ WR D IXOO
SRZGHU DYHUDJH EH REWDLQHG XVLQJ D PLQLPXP QXPEHU RI RULHQWDWLRQDO
VDPSOHV

 7KH RULHQWDWLRQDO DYHUDJH RI D IXQFWLRQ I FRUUHVSRQGV WR WKH
LQWHJUDO
 

























































VROLGVZKHUH WKHPROHFXODUPRWLRQ LV QHJOHFWHG 7KLV VRUW RI DSSUR[LPDWLRQ
UDUHO\RFFXUVLQUHDOVDPSOHVZKHUHPROHFXOHVDUHXQGHUJRLQJUHRULHQWDWLRQRQ
D WLPHVFDOH RI WKH RUGHU RI WKH TXDGUXSROH LQWHUDFWLRQ RU IDVWHU VR WKDW WKH













V WKH PRWLRQ OHDGV WR D SDUWLDOO\ DYHUDJH TXDGUXSROH FRXSOLQJ DQG
YDOXDEOH LQIRUPDWLRQ DERXW WKH W\SH RIPRWLRQ FDQ GLUHFWO\ EH LQIHUUHG IURP
DQDO\VLVRIWKHUHVXOWLQJOLQHVKDSHV7KH105IUHTXHQF\LVJLYHQE\

  1ZZI-K-FZZ r r 2
33
4 FRVVLQFRV 
ZKHUH F  DQG K  DUH UHVSHFWLYHO\ WKH TXDGUXSRODU FRXSOLQJ FRQVWDQW DQG WKH
DV\PPHWU\SDUDPHWHURIWKHDYHUDJHGILHOGJUDGLHQWWHQVRU )*7 DQGWKHSRODU
DQGD]LPXWKDODQJOHVUHVSHFWLYHO\5DQGIVSHFLI\WKHRULHQWDWLRQRI 6% ZLWK











+W LV WKH +DPLOWRQLDQ RU WRWDO HQHUJ\ RSHUDWRU RI WKH V\VWHP ZKLFK PD\
LWVHOIEHWLPHGHSHQGHQW







9 LWFW : 




 LV H[SUHVVHG E\ WKH WLPHGHSHQGHQW
FRHIILFLHQWVF@WDQGQLV WKHGLPHQVLRQRI WKHYHFWRUVSDFHRIDOODGPLVVLEOH
VWDWHIXQFWLRQVFDOOHG+LOEHUWVSDFH




B WFWFM4L4 D E 
,Q DQ LGHDOLVHG SXUH VWDWH DOO VSLQ V\VWHPV RI WKH HQVHPEOH DUH LQ WKH VDPH
VWDWHDQGFDQEHGHVFULEHGE\WKHVDPHQRUPDOL]HGVWDWHIXQFWLRQ°\W²ZLWK
¢\W°\W²    7KH FRUUHVSRQGLQJ GHQVLW\ RSHUDWRU U  LV GHILQHG E\ WKH
SURGXFWRIWKHNHW°\W²DQGWKHEUD¢\W°
¦¦  F G
GF




PDWUL[FDOOHG WKHGHQVLW\PDWUL[7KLVFDQEH WKRXJKWRI DV UHSUHVHQWDWLRQ LQ
WKHEDVLV°L²RIWKHGHQVLW\RSHUDWRUGHILQHGDVLQ(T
7KH VLWXDWLRQ LV GLIIHUHQW IRU DQ HQVHPEOH LQ D PL[HG VWDWH HJ IRU DQ
HQVHPEOH LQ WKHUPDO HTXLOLEULXP+HUHZH FDQ RQO\ LQGLFDWH SUREDELOLWLHV SJ
WKDW D VSLQ V\VWHP RI WKH HQVHPEOH LV RQH RI VHYHUDO SRVVLEOH VWDWHV°\JW²








WFWFM4LS4 NN O 
$VWDWLVWLFDOGHVFULSWLRQRIVXFKDPL[HGVWDWHLVDQHFHVVLW\DQGLWLVMXVWVXFKD











¦¦¦   U
ZKLFKUHSUHVHQWVDQHQVHPEOHDYHUDJHRIWKHSXUHVWDWHGHQVLW\RSHUDWRURYHU
WKH SRVVLEOH VWDWHV\UWZKHUH¦USU    DQG WKH EDU GHQRWHV WKH HQVHPEOH
DYHUDJH
,WIROORZVWKDWWKHH[SHFWDWLRQYDOXHRIDQ\REVHUYDEOHLVJLYHQE\
¢4² 7U^4 U W`
VRWKDWWKHGHQVLW\RSHUDWRUFDQEHVHHQWRFRQWDLQDOOWKHSK\VLFDOO\VLJQLILFDQW
LQIRUPDWLRQDERXWWKHV\VWHPDVWKHH[SHFWDWLRQYDOXHLVIRXQGE\HYDOXDWLQJ
WKH WUDFHRI WKHSURGXFWRI WKHREVHUYDEOH RSHUDWRU DQG WKH GHQVLW\ RSHUDWRU
7KHWUDFHFDQEHFDOFXODWHGIURPWKHSURGXFWRIWKHPDWUL[UHSUHVHQWDWLRQVRI

4 DQG U WLQDQDUELWUDU\EDVH^°U²`RUYLDDQH[SDQVLRQRIWKHWZRRSHUDWRUV
4 DQG U WLQWHUPVRIRUWKRJRQDOEDVHRSHUDWRUV
7KHDERYHGLVFXVVLRQOHDGVWRDQXPEHURISURSHUWLHVRI WKHGHQVLW\RSHUDWRU
DQG WR LWV SK\VLFDO LQWHUSUHWDWLRQ )LUVWO\ WKH FRQGLWLRQ WKDW WKH H[SHFWDWLRQ
YDOXH RI DQ REVHUYDEOHPXVW EH UHDO DQG WKH IRUP RI (T  UHTXLUH WKH
GHQVLW\PDWUL[ WREH+HUPLWLDQ0RUH LPSRUWDQWO\ WKHSUREDELOLW\RI ILQGLQJ
WKHV\VWHPLQDSDUWLFXODUEDVLVVWDWH°L²LVJLYHQE\WKHGLDJRQDOHOHPHQW
V
¦ U W XYYXX FS
,QWKHHLJHQEDVHRIWKH=HHPDQ+DPLOWRQLDQWKHGLDJRQDOHOHPHQWVUHSUHVHQWV
WKH SRSXODWLRQV LQ WKH VWDWHV °D² DQG °E² $Q RIIGLDJRQDO HOHPHQW RI WKH
GHQVLW\PDWUL[KRZHYHULQGLFDWHVVRPHFRKHUHQWVXSHUSRVLWLRQRIWKHUHOHYDQW
EDVLV IXQFWLRQV )RU D PL[HG VWDWH WKLV LPSOLHV WKDW WKH SKDVHV RI WKH
ZDYHIXQFWLRQV\ZWDUHQRORQJHUFRPSOHWHO\UDQGRP7KHHOHPHQWU[\FDQEH
DVVRFLDWHGZLWKWKHWUDQVLWLRQEHWZHHQVWDWHV°L²DQG°M²:KHUHWKHWUDQVLWLRQ
VDWLVILHV WKH UHOHYDQW VHOHFWLRQ UXOH LW LV WKH RVFLOODWLRQ RI WKHVH HOHPHQWV DW
IUHTXHQFLHVJLYHQE\WKHGLIIHUHQFHLQHQHUJLHVRIWKHVWDWHVLDQGMZKLFKDUH
REVHUYHG LQ105VSHFWURVFRS\ ,QJHQHUDO LI HDFK HLJHQVWDWHRI WKHQXFOHDU















 WU  H[SL+ WUH[SL+ W
'HQVLW\PDWUL[FDOFXODWLRQVXVXDOO\ LQYROYHGLDJRQDOL]LQJ WKHPDWUL[ IRUPRI
WKH+DPLOWRQLDQVRWKDWWKHSURSDJDWRUVLQ(TFDQEHHDVLO\IRXQG7KH
VROXWLRQ RI WKH /LRXYLOOHYRQ 1HXPDQQ HTXDWLRQ IRU D WLPHGHSHQGHQW
+DPLOWRQLDQ LV QRUPDOO\ DFKLHYHG E\ WKH DSSOLFDWLRQ RI VXLWDEOH FRRUGLQDWH
WUDQVIRUPDWLRQV WKDW UHPRYHV WKLV GHSHQGHQFH ZLWKLQ D VHULHV RI ILQLWH WLPH
VHJPHQWV7KHHYROXWLRQRIWKHGHQVLW\RSHUDWRUFDQEHWKHQH[SUHVVHGLQWHUPV
RI D VHTXHQFH RI SURSDJDWRUV DVVRFLDWHG ZLWK WKH WLPHLQGHSHQGHQW
+DPLOWRQLDQV `+  a+ 
U WbWc H[SL d+ WcH[SL e+ Wf U H[SL g+ WhH[SL i+ Wj
ZLWK WKHSURSDJDWRUVH[S^L k+ Wl`7KLVHTXDWLRQDSSOLHV WRDQ\VHTXHQFHRI

























1XPHURXV FKRLFHV DUH SRVVLEOH IRU WKH H[SDQVLRQ RI WKH GHQVLW\ RSHUDWRU LQ
WHUPV RI D FRPSOHWH VHW RI RUWKRJRQDO EDVH RSHUDWRUV $Q DUELWUDU\ GHQVLW\
RSHUDWRU FDQ EH H[SDQGHG LQ WHUPV RI D VHW RI SURGXFWV RI RSHUDWRUV
FRUUHVSRQGLQJWRWKH&DUWHVLDQFRPSRQHQWVRIDQJXODUPRPHQWXP,wx ,yzDQG
,{|ZKLFKREH\WKHXVXDOF\FOLFFRPPXWDWLRQUXOHVRI(T$XVHIXOVHWRI

























  WKHRSHUDWRU LV 










$ GHVFULSWLRQ RI WKH SK\VLFDO LQWHUSUHWDWLRQ RI HDFK RI WKH RSHUDWRUV LV DV
IROORZV7KHRSHUDWRUV , LV WKHHTXLOLEULXPFRQGLWLRQ IRU VSLQ L UHSUHVHQWLQJ
HTXDO SRSXODWLRQ GLIIHUHQFHV DFURVV DOO LWV WUDQVLWLRQV 7KH WHUPV , DQG ,
GHVFULEH WKH WUDQVYHUVH FRPSRQHQWV RI PDJQHWLVDWLRQ RI VSLQ L ZKLFK DUH
REVHUYDEOH DV WKH H[SHFWHG DEVRUSWLYH DQG GLVSHUVLYH SDUWV RI WKH LQSKDVH
PXOWLSOHW 7KH RSHUDWRU , ¡,¢£ UHSUHVHQWV DQWLSKDVH FRKHUHQFH RI VSLQ L ZLWK
UHVSHFW WR WKHVFDODUFRXSOLQJZLWKVSLQ M%HFDXVH WKLVHYROYHV LQWR LQSKDVH
WUDQVYHUVH PDJQHWL]DWLRQ XQGHU WKH IUHH SUHFHVVLRQ +DPLOWRQLDQ LW LV
REVHUYDEOHDVDPXOWLSOHWRQVSLQLLQZKLFKWKHFRPSRQHQWVVHSDUDWHGE\WKH
FRXSOLQJ FRQVWDQW -¤¥ KDYH RSSRVLQJ VLJQV 7HUPV VXFK DV ,¤¦,¥¦ GHVFULEH D
PL[WXUH RI GRXEOH DQG ]HURTXDQWXP FRKHUHQFH ZKLFK FDQQRW EH REVHUYHG
GLUHFWO\ )LQDOO\ WKH WHUP ,¤§,¥§ UHSUHVHQWV D QRQ HTXLOLEULXP SRSXODWLRQ
GLVWULEXWLRQZLWKQRQHWFRKHUHQFH
 (YROXWLRQRI3URGXFW2SHUDWRUVDQG&RKHUHQFH7UDQVIHU




WKH RSHUDWRUV ZKLFK DUH OLQNHG E\ VXFK D URWDWLRQ DUH GHULYHG IURP WKH
+DPLOWRQLDQ XQGHU FRQVLGHUDWLRQ DQG WKH FRPPXWDWLRQ UXOHV RI WKH SURGXFW
RSHUDWRUVWKHPVHOYHV
7KHHYROXWLRQRIDZHDNO\FRXSOHGVSLQV\VWHPXQGHUWKHHIIHFWVRISXOVHVDQG
FKHPLFDO VKLIWV SUHFHVVLRQ FDQ EH GHVFULEHG E\ D VHULHV RI URWDWLRQV LQ WKH
RSHUDWRU VSDFH ,¯ ,° ,± )RU H[DPSOH WKH HIIHFW RI DQ RQUHVRQDQFH SXOVH





















RSHUDWRUV LQ WKH H[SDQVLRQ RI WKH GHQVLW\ PDWUL[ 7KLV UHVWULFWLRQ IRUPV WKH
EDVLVRIDVHWRIFRKHUHQFHWUDQVIHUVHOHFWLRQUXOHVZKLFKGHWHUPLQHWKHW\SHRI
WUDQVIHU ZKLFK FDQ EH HIIHFWHG E\ D VLQJOH QRQVHOHFWLYH SXOVH LQ D ZHDNO\



















,Q QRUPDO FLUFXPVWDQFHV D SHULRG RI HYROXWLRQ XQGHU VXFK D+DPLOWRQLDQ LV
DOZD\VQHFHVVDU\LIFRKHUHQFHWUDQVIHUEHWZHHQFRXSOHGVSLQVRULQWRPXOWLSOH


























D5HVROYHG VSHFWUD ZKLFK VSUHDG WKH SHDNV RI D VLQJOH VSHFWUXP LQWR WZR
GLPHQVLRQV FKDUDFWHULVHG E\ GLIIHUHQW 105 SDUDPHWHUV DQG E &RUUHODWHG
VSHFWUDZKLFKFRUUHODWHSDLUVRIVSLQVUHODWHGE\YLUWXHRIVRPHLQWHUDFWLRQRU
G\QDPLFSURFHVV DQG LW LV WKLVNLQGRI'H[SHULPHQWZKLFKZLOO EHXVHG LQ
WKLVZRUN
7ZRGLPHQVLRQDO WLPHGRPDLQ105VSHFWURVFRS\ LQYROYHV WZR LQGHSHQGHQW




GHWHFWLRQ SHULRG $ VHULHV RI IUHH LQGXFWLRQ GHFD\V UHFRUGHG GXULQJ W
ð
 LV
REWDLQHG IRU LQFUHDVLQJ YDOXHV RI Wò 2EVHUYDWLRQ RI WKH VLJQDO RQO\ RFFXUV
GXULQJW
ð
 WKH WòHYROXWLRQEHLQJPRQLWRUHG LQGLUHFWO\ WKURXJK WKHPRGXODWLRQ






,W LV FXVWRPDU\ WR UHIHU WR IRXU WLPHSHULRGV LQ WKHGHVFULSWLRQRI FRUUHODWLRQ
H[SHULPHQWV7KHVHDUHDVIROORZV
 7KHSUHSDUDWLRQSHULRG$VXLWDEOHVHTXHQFHRISXOVHVLVXVHGWRFUHDWHWKH
FRKHUHQFH WKDW ZLOO HYROYH LQ Wõ )RU PDQ\ H[SHULPHQWV WUDQVYHUVH
PDJQHWLVDWLRQ HYROYHV GXULQJ Wõ DQG D VLQJOH QRQVHOHFWLYH SXOVH LV
VXIILFLHQW +RZHYHU PRUH FRPSOLFDWHG SUHSDUDWLRQ VHTXHQFHV WKDW IRU
H[DPSOH H[FLWH PXOWLSOHTXDQWXP FRKHUHQFH RU WUDQVIHU SURWRQ
SRODUL]DWLRQWRORZIUHTXHQF\KHWHURQXFOHLDUHDOVRXVHG

 7KH HYROXWLRQ SHULRG 7KH UDWH DW ZKLFK WKH GHOD\ Wö LV LQFUHPHQWHG
GHWHUPLQHVWKHVSHFWUDOZLGWKLQWKHZöGLPHQVLRQMXVWDVWKHVDPSOLQJUDWH
GXULQJ W÷ GHWHUPLQHV WKH VSHFWUDOZLGWK LQZ÷ 'XULQJ W
ö
 HDFK FRKHUHQFH
GHWHFWHG LQGLUHFWO\ LQ Wö PD\ EH DVVRFLDWHG ZLWK RUGLQDULO\ XQREVHUYDEOH
PXOWLSOHTXDQWXPWUDQVLWLRQVVRWKHZöFRRUGLQDWHVRIWKHSHDNVLQWKHILQDO
















 ,I WKH H[SHULPHQWXVHV
VHYHUDOSXOVHVWKHUHDUHYHU\PDQ\SRVVLEOHVHTXHQFHVRIHYHQWVWKDWOHDGWRDQ
REVHUYDEOHVLJQDODQGSKDVHF\FOLQJWRGLVFULPLQDWHEHWZHHQWKHVHLVHVVHQWLDO
LI D UHDGLO\ LQWHUSUHWDEOH VSHFWUXP LV WR EH REWDLQHG %\ XVLQJ WZR SKDVH
GHWHFWRUV WKH VSHFWURPHWHU GHWHFWV ERWK WKH [ DQG \ FRPSRQHQWV RI WKH
WUDQVYHUVH PDJQHWLVDWLRQ LQ WKH URWDWLQJ IUDPH $V WKH PDJQHWLVDWLRQ YHFWRU






GLIIHUHQWSKDVHV&KDQJLQJ WKHSXOVHSKDVHE\ú FDXVHV WKHSXOVH WR URWDWH
WKH HTXLOLEULXP PDJQHWLVDWLRQ DERXW D GLIIHUHQW D[LV DQG KHQFH WKH YHFWRU
DSSHDUV LQ D GLIIHUHQW SRVLWLRQ LQ D WUDQVYHUVH SODQH 7KLV GLIIHUHQW SRVLWLRQ
FRUUHVSRQGVWRDGLIIHUHQWSKDVHIRUWKHOLQHLQWKHVSHFWUXP7KHFHQWUDOLGHD
LVWKDWZDQWHGVLJQDOLVVKLIWHGLQSKDVHE\FKDQJLQJWKHSKDVHRIDSXOVHDQG
LI WKHVLJQDO LV WRDGGXS LQ WKHFRXUVHRI WLPHDYHUDJLQJ WKH UHFHLYHUSKDVH
PXVWEHDOWHUHGVRDVWRIROORZWKHSKDVHFKDQJHFDXVHGE\WKHSXOVH/LNHZLVH





FRKHUHQFH 7KH VLQJOH UHIHUV WR WKH IDFW WKDW RQO\ VLQJOH VSLQ IOLSV DUH
DVVRFLDWHGZLWKWKHFRKHUHQFH






















LQ FRQWUDVW IUHH SUHFHVVLRQ SUHVHUYHV WKH RUGHU RI FRKHUHQFH ,I WKH GHQVLW\
RSHUDWRULVH[SDQGHGLQWHUPVRISURGXFWRSHUDWRUVWKHQWKHYDULRXVRUGHUVFDQ










'XULQJ HDFKGHOD\RUSHULRGRI DJLYHQSXOVH VHTXHQFH LW LV XVXDOO\ WKH FDVH
WKDW WKH LQWHQWLRQ LV WR KDYH RQO\ RQH RUGHU RI FRKHUHQFH SUHVHQW 7KXV LQ
GRXEOH TXDQWXP VSHFWURVFRS\ WKH LQWHQWLRQ LV WR KDYH GRXEOH TXDQWXP
FRKHUHQFHSUHVHQWGXULQJWKHHYROXWLRQWLPHW7KHGHVLUHGFRKHUHQFHOHYHODW
DQ\SRLQWLQWKHVHTXHQFHFDQEHVHOHFWHGE\DQDSSURSULDWHSKDVHF\FOLQJDQG
LW LV FDOOHG FRKHUHQFH WUDQVIHU SDWKZD\ 7ZR IXUWKHU SRLQWV VKRXOG EH QRWHG









ZKHUHV KDV WKH VDPHPHDQLQJ DV LQ (T $ SXOVH UHSUHVHQWHG E\ D
SURSDJDWRU8 FDQ FDXVH D WUDQVIHU RI FRKHUHQFH RI RUGHU S LQWR DOO SRVVLEOH
RUGHUVS¶OLPLWHGRQO\E\WKHH[WHQWRIWKHVSLQV\VWHPVRWKDW



















VKLIWHGSXOVH8IGHSHQGVRQ WKH FKDQJH LQ FRKHUHQFHRUGHU'SSURGXFHG
7KLV SURSHUW\ DOORZV WKH VHSDUDWLRQ RI GLIIHUHQW FRKHUHQFH RUGHUV VLQFH WKH
SKDVHVKLIWVLPSRVHGLQWKLVZD\DUHFDUULHGRYHULQWRWKHGHWHFWHGVLJQDO
3KDVHF\FOLQJLQYROYHVUHSHWLWLRQRIWKHSXOVHVHTXHQFH11WLPHVZLWKDGGLWLRQ
RI WKH UHVXOWLQJ VLJQDOVZKLOVW LQFUHPHQWLQJ WKH SKDVH RI WKH L2
3
 SXOVH E\ DQ
DQJOH
I4 SQ516
ZKHUHQ6 «17±(DFKRI WKH17REVHUYHGVLJQDOVDULVHV IURPDOO
SRVVLEOH FRKHUHQFH WUDQVIHU SDWKZD\V 7KHLU VXP FDQ EH UHVWULFWHG WR




 SXOVH E\ DFTXLVLWLRQ RI WKH 17
8
9








,W VKRXOG EH QRWHG KHUH WKDW WKH VLJQ RI I>?@ FKDQJHV ZKHQ WKH REVHUYDEOH





VKLIWHG WKURXJK DQ DQJOH ID IRU 1D VXFFHVVLYH H[SHULPHQWV WKH FKDQJH LQ
FRKHUHQFHRUGHU'SD VHOHFWHGE\ WKH DSSURSULDWH UHFHLYHUSKDVH VKLIWIEFG LV









VHWRI1I H[SHULPHQWVFDQEH UHVWULFWHG WRD JLYHQ FRKHUHQFHSDWKZD\3KDVH
VKLIWLQJ DOO SXOVHV LQ WKH VHTXHQFH WKURXJK DQ DQJOH RI RSSRVLWH VLJQ DQG
DGGLWLRQ ZLWK FRQVWDQW UHFHLYHU SKDVH ZLOO HQVXUH WKDW WKH VDPH HIIHFW LV
SURGXFHG7KLVPHWKRGRISKDVH F\FOLQJ LV RIWHQ QHFHVVDU\ LI WKH UHFHLYHU LV
OLPLWHGWRSKDVHVKLIWVRISUDGLDQV
 6HSDUDWLRQRI3KDVHLQ7ZR'LPHQVLRQDO6SHFWUD
7KHSUHFHGLQJVHFWLRQVKDYHGHVFULEHGKRZ WKH HYROXWLRQRI WKH VSLQ V\VWHP
GXULQJ WKH WJ SHULRG RI D WZRGLPHQVLRQDO 105 H[SHULPHQW LV QRW GLUHFWO\
REVHUYHG EXW GHWHFWHG E\ YLUWXH RI WKH PRGXODWLRQ LW LPSRVHV RQ WKH LQLWLDO
DPSOLWXGH RI WKH VLJQDO DFTXLUHG LQ WK &RQVHTXHQWO\ WKHUH LV QR VLPSOH
HTXLYDOHQWRIFRQYHQWLRQDOZLTXDGUDWXUHGHWHFWLRQ IRUGHWHUPLQLQJ WKH VLJQV

RI WKHZM IUHTXHQFLHV $Q LPSRUWDQW VWUDWHJ\ KDV EHHQ SURSRVHG WKDW DOORZ
GHWHUPLQDWLRQ RI WKH VLJQV RI WKH Z
M











WKH UHFHLYHU UHIHUHQFH RVFLOODWRU LV DGYDQFHG E\ S UDGLDQV DIWHU HDFK GDWD
SRLQW LV WDNHQ IRU WKLV UHDVRQ WKLV PHWKRG LV RIWHQ UHIHUUHG WR DV WLPH
SURSRUWLRQDOSKDVHLQFUHPHQWDWLRQRU733,7KHVSHFWUXPLVWKHQREWDLQHGE\
DSSO\LQJD UHDO)RXULHU WUDQVIRUPDWLRQ7KHRYHUDOOHIIHFWRI WKHSURFHGXUH LV
WR DGG IUHTXHQF\ RI IR WR HDFK SRLQW LQ WKH VSHFWUXP 3HDNV ZKLFK KDYH
RIIVHWVEHWZHHQ±IRDQGDSSHDUEHWZHHQDQGIRDQGWKRVHZLWKRIIVHWV
EHWZHHQDQGIRDSSHDUEHWZHHQIRDQGIR7KXVIRUSHDNVLQWKHUDQJHr
IR DOLDVLQJ DERXW ]HUR IUHTXHQF\ LV SUHYHQWHG DQG HIIHFWLYH TXDGUDWXUH
GHWHFWLRQLVDFKLHYHG
7KHVDPHSURFHGXUHFDQEHXVHGWRDFKLHYHIUHTXHQF\GLVFULPLQDWLRQLQWKHZS
GLPHQVLRQRI D WZRGLPHQVLRQDO105VSHFWUXP7KH WLPH W
S

































&_` ,Q WKLV PROHFXOH WKH FDUERQ QXFOHL UHVLGH RQ D VSKHUH RI DERXW  c
GLDPHWHUZLWKWKHHOHFWURQLFZDYHIXQFWLRQVH[WHQGLQJLQVLGHDQGRXWVLGHE\
DERXWc7KHGLDPHWHURIWKHPROHFXOHLVDSSUR[LPDWHO\cDQGWKHUHLV
D  c GLDPHWHU FDYLW\ LQVLGH 7KH DWRPV DUH DFWXDOO\ SRVLWLRQHG DW WKH 
YHUWLFHVRIDWUXQFDWHGLFRVDKHGURQRU³VRFFHUEDOO´VWUXFWXUHZLWKHGJHV
 SHQWDJRQV DQG  KH[DJRQV 7KH WZR GLIIHUHQW && ERQG OHQJWKV LQ &ab






WKH ERQG OHQJWK DW WKH  HGJHV VKDUHG E\ D KH[DJRQ DQG D SHQWDJRQ DUH
ORQJHU
7KH&fgPROHFXOH LV KLJKO\ V\PPHWULF DV V\PPHWU\ HOHPHQWV RI&fg LQFOXGH






&ij PROHFXOHV XQGHUJR IUHH PROHFXODU URWDWLRQ DQG LQ WLPH DYHUDJH WKH
PROHFXOHVORRNOLNHVSKHUHVDQGDOORIWKHPROHFXODUVLWHVDUHHTXLYDOHQW7KH
ZHOOGHILQHGPROHFXODUFHQWUHVDQGWKHQHDUO\IUHHPROHFXODUURWDWLRQDUHQRW
XQLTXH SURSHUWLHV RI WKH IXOOHUHQH PROHFXOH EXW DUH FKDUDFWHULVWLF RI PDQ\





ODWWLFH ZLWK D QHDUHVWQHLJKERXU &op &op GLVWDQFH WKDW FRUUHVSRQGV WR WKH
GLDPHWHURIWKHPROHFXOH$WURRPWHPSHUDWXUHWKHVL]HRIWKHFXELFXQLWFHOOLV


















































































7KH GLPHQVLRQV RI D IXOOHUHQH PROHFXOH DUH WHQ WLPHV ODUJHU WKHQ D W\SLFDO




WR DFFHSW HOHFWURQV IURP DSSURSULDWH GRQRUV 7KH FRPELQDWLRQ RI DONDOL DQG
DONDOLQHHDUWK HOHPHQWVZLWK IXOOHUHQHV UHVXOWV LQ DQ XQXVXDO YDULHW\ RI$&³´

FRPSRXQGVZLWK$  .5E1D&D 6U %D DQG&V2UJDQLF DQG LQRUJDQLF
PROHFXOHVDUHDOVRXVHG WRSURGXFHFKDUJH WUDQVIHUVDOWVZLWK IXOOHUHQHV7KH
WHUP ³GRSHG IXOOHUHQH´ LV RIWHQ XVHG WR GHVFULEH WKH SURGXFW  ,Q WKH FORVH
SDFNHG IFF VWUXFWXUH WKH LQWHUVWLWLDO VLWHVKDYHHLWKHURFWDKHGUDO RU WHWUDKHGUDO
V\PPHWU\7KH WHWUDKHGUDO VLWHV DUH VPDOOHU DQG WKHUH DUH WZLFH DVPDQ\ RI
WKHPDVRFWDKHGUDOVLWHV8SWRQRZWKHH[LVWHQFHRIGLIIHUHQWVWDEOHSKDVHVRI
$µ&¶·ZLWK[ LVZHOOHVWDEOLVKHGVHH)LJXUH7KH[ SKDVHLV
WKH PRVW ZLGHO\ VWXGLHG VLQFH VXSHUFRQGXFWLYLW\ KDV EHHQ REVHUYHG XS WR
WHPSHUDWXUHVH[FHHGLQJWKHPD[LPXPFULWLFDOWHPSHUDWXUHVRIRUJDQLFDVZHOO
DV UHJXODU LQRUJDQLF VXSHUFRQGXFWRUV
¸¹
 7KH FRQGXFWLRQ EDQG RI WKHVH
PDWHULDOV GHULYHV IURP WKH /802 RI WKH &º» PROHFXOH WKDW LV D WKUHHIROG
GHJHQHUDWHW¼½HOHFWURQLFOHYHORIWKHPROHFXOHZLWKLFRVDKHGUDOV\PPHWU\7KH
LQVXODWLQJ FKDUDFWHU RI SKDVHV [    DQG  LV HDV\ WR XQGHUVWDQG DV LW






VLQFH LW IRUPV D YDULHW\ RI SKDVHV ZLWK LQWHUHVWLQJ HOHFWURQLF DQG PDJQHWLF
SURSHUWLHV UHODWHG WR WKH ORZ GHQVLW\ RI YDOHQFH HOHFWURQV $ FRPSDULVRQ RI
$&ÅÆDQG$Ç&ÅÆPD\EHKHOSIXO LQGHFLGLQJTXHVWLRQV OLNHKRZLPSRUWDQWDUH




DSSUR[LPDWHO\. WKHVHFRPSRXQGVKDYHVLPLODU IDFHFHQWHUHG FXELF
IFF VWUXFWXUHVZLWK RQO\ WKH RFWDKHGUDO VLWHV RFFXSLHG
Ç
È
E\ DONDOLQH LRQV LQ









7KH ILUVW RI WKH$&ÉÊ FRPSRXQGVZDV GLVFRYHUHG E\:LQWHU DQG.X]PDQ\
ËÌ
ZKRFDUULHGRXW5DPDQPHDVXUHPHQWVRQ.&ÉÊ DW KLJK WHPSHUDWXUHV$W WKH









 . WHPSHUDWXUH UDQJH /DWHU D YHU\ SURQRXQFHG ILUVWRUGHU SKDVH















WKDW WKLV XQXVXDOO\ VKRUW GLVWDQFH LV LQGLFDWLYH RI WKH IRUPDWLRQ RI OLQNDJHV









































































































































































































































































 DQG LQHODVWLF VFDWWHULQJ





 DQG WKH URWDWLRQDO RULHQWDWLRQ RI WKH SRO\PHU FKDLQV


















HOHFWURQLF SURSHUWLHV 105 GDWD VKRZHG WKDW WKH KLJKWHPSHUDWXUH SKDVHV






ORFDOL]HG HOHFWURQ VSLQV 7KXV HOHFWURQHOHFWURQ LQWHUDFWLRQV GRPLQDWH WKH














DQ LQGLFDWLRQ RI WKH QXPEHU RI FDUERQ DWRPV DVVRFLDWHG ZLWK HDFK UHVROYHG





LQWHUDFWLRQ IRU HDFK UHVRQDQFH LV H[WUDFWHG IURP WKH WHPSHUDWXUHYDULDWLRQRI
WKH .QLJKW VKLIW 7KHVH 105 GDWD FRQILUP WKHRUHWLFDO EDQG VWUXFWXUH
FDOFXODWLRQV

 ZKLFK SUHGLFW WKDW WKH IXOOHUHQH PROHFXOHV DUH FRQQHFWHG E\
LQVXODWLQJ FRQWDFWV DQG WKDW HOHFWURQ WUDQVSRUW LV GRPLQDWHG E\ LQWHUFKDLQ
KRSSLQJ VXJJHVWLQJ D IXOO WKUHHGLPHQVLRQDO FKDUDFWHU WR WKH HOHFWURQLF
VWUXFWXUH 7KHVH UHVXOWV FRQWUDGLFW WKH PDJQHWLF VSLQ VXVFHSWLELOLW\ DQG





E\105WKHUHVRQDQFHVPXVWEHDVVLJQHGWR WKHGLIIHUHQWFDUERQVLWHV LQ WKH
IXOOHUHQH PROHFXOH 7KLV VWHS LV VLJQLILFDQW VLQFH LW \LHOGV D PDS RI WKH
K\SHUILQHFRXSOLQJFRQVWDQWDURXQGWKHIXOOHUHQHDJDLQVWZKLFKPRGHOVRIWKH
EDQGVWUXFWXUHFDQEHWHVWHG)XUWKHUPRUHVXFKDQDVVLJQPHQWLVDSUHUHTXLVLWH
WR DQ\ PRUH GHWDLOHG 105 VWXG\ RI LQWHUQXFOHDU GLVWDQFHV ZKLFK PLJKW
UHVROYH WKH VWUXFWXUDO TXHVWLRQV 2QO\ D IXOO\ DQG VHOIFRQVLVWHQW UHOLDEOH
DVVLJQPHQW RI WKH '

































































































































































































































































































SRO\PHU SKDVH RI &V&xy 7KH SXOVH VHTXHQFH XVHG LQ WKDW FDVH LV VKRZQ LQ





















DOORZHG VSLQ SRODUL]DWLRQ WR EH WUDQVIHUUHG EHWZHHQ 










DSSHDUHG WRJHWKHUZLWK WKHGLDJRQDOSHDNV DQG DV D FRQVHTXHQFH WKH

&'
VSHFWUXP REWDLQHG ZDV YHU\ FURZGHG )LJXUH  )XUWKHUPRUH WKH SXOVH




VSDFHGLSRODU FRXSOLQJV DQG WKLV FDQPDNH WKH DVVLJQPHQWYHU\GLIILFXOW DQG
DPELJXRXV ,Q RUGHU WR FKRRVH EHWZHHQ WZR GLIIHUHQW DVVLJQPHQWV GHQVLW\

IXQFWLRQDO FDOFXODWLRQV ')7 RQ D & WULPHU ZKLFK IRUPV D SLHFH RI WKH
SRO\PHUFKDLQZHUHFDUULHGRXW7KHWULPHUZDVWHUPLQDWHGDWHDFKHQGZLWK
F\FORDGGLWLRQWR&+&+JURXSV2QO\RQHRI WKH WZRSRVVLEOHDVVLJQPHQWV












&105VSHFWUXPRI WKHSRO\PHU SKDVH RI&V&ZKLFKZDV EDVHG

























































































































&HQULFKHG DPRUSKRXV FDUERQ LQWR JUDSKLWH WXEHV WR FUHDWH Ó
Ô
&HQULFKHG





7KH&×ØZDV LVRODWHG IURP WKH VRRW YLD ILOWUDWLRQ DQG IODVK FKURPDWRJUDSK\












REWDLQLQJ FDUERQFDUERQ WKURXJKERQG FRUUHODWLRQV LQ VROLGV H[KLELWLQJ OLQH
ZLGWKV RI VHYHUDO KXQGUHGV RI KHUW] XVLQJ DQ H[SHULPHQW QDPHG
,1$'(48$7( ,QFUHGLEOH 1DWXUDO $EXQGDQFH 'RXEOH 4XDQWXP 7UDQVIHU
([SHULPHQWLVUHSRUWHG
7KHSXOVHVHTXHQFHVIRUUHIRFXVHG,1$'(48$7(&DUERQRQO\LVVKRZQLQ
















































































































































PDJQHWL]DWLRQ JHQHUDWHG E\ WKH ILUVW S SXOVH HYROYHV VROHO\ XQGHU WKH
LVRWURSLF VFDODU FRXSOLQJ +DPLOWRQLDQ IRU WKH SUHSDUDWLRQ GHOD\ W 7KLV LV
EHFDXVH*
+
&GLSRODUFRXSOLQJVDQGVKLIW DQLVRWURSLHVDUHDYHUDJHGE\ WKH IDVW
PDJLFDQJOHVSLQQLQJDQGWKHSSXOVH LQ WKHPLGGOHRI WKHSUHSDUDWLRQGHOD\
UHIRFXVHVHYROXWLRQGXH WR WKH LVRWURSLF VKLIW ,Q VFDODUFRXSOHG VSLQ V\VWHPV
WKH VHFRQG S SXOVH FUHDWHV PXOWLSOHTXDQWXP FRKHUHQFHV DVVRFLDWHG ZLWK
QRUPDOO\IRUELGGHQWUDQVLWLRQVDQGWKHSKDVHRIWKHVHFRQGSSXOVHLVF\FOHG



















ZKHUH Z=> LV WKH QRUPDO VKLIW IUHTXHQF\ ,Q WKLV UHIRFXVHG YDULDQW RI WKH
H[SHULPHQW GRXEOHTXDQWXP FRKHUHQFH LV FRQYHUWHG EDFN WR REVHUYDEOH
PDJQHWL]DWLRQ E\ WKH WKLUG S SXOVH IROORZHG E\ D UHFRQYHUVLRQ GHOD\
LGHQWLFDO LQ GXUDWLRQ WR WKH SUHSDUDWLRQ SHULRG0DJQHWL]DWLRQ LV GHWHFWHG DV
QRUPDO LQ W? DQG D WZRGLPHQVLRQDO )RXULHU WUDQVIRUPDWLRQ RI WKH UHVXOWLQJ
VLJQDO 6W@W? JLYHV D WZRGLPHQVLRQDO VSHFWUXP 6Z@Z? 6FDODUFRXSOHG




















6WDUWLQJIURPDVWDWHRI WKHUPDOHTXLOLEULXP WKH ILUVWSXOVH URWDWHV WKH LQLWLDO
ORQJLWXGLQDOSRODUL]DWLRQSDUDOOHOWRWKH[D[LVWKDWLV\LHOGVDGHQVLW\PDWUL[
VV ,W6W
7KH VHFRQG SXOVH VHUYHV WR SURGXFH D VSLQ HFKR $V LQ KRPRQXFOHDU -
VSHFWURVFRS\WKHHYROXWLRQRIWKHV\VWHPDWWLPHWLVHQWLUHO\GHWHUPLQHGE\






VHFRQG WHUP LWFRUUHVSRQGV WRr4FRKHUHQFHDQG LW LV WKHRQO\SDUWRIV`
WKDWLVUHWDLQHGE\WKH4ILOWHU,WLVWUDQVIRUPHGE\WKHIRXUWKSXOVHLQWR
Va ,b6c,c6bVLQS-W












:KHUH7k LV WKH UHOD[DWLRQ WLPH IRU WKDW V\VWHP)URP WKH ODVW HTXDWLRQ LW LV







DQG RQ WKH RWKHU KDQG RQ WKH GHFD\ RI FDUERQ PDJQHWL]DWLRQ GXULQJ WKH W
GHOD\V (IILFLHQF\ LV DOVR DIIHFWHG E\ FDQFHOODWLRQ RU DGGLWLRQ HIIHFWV GXULQJ
WKHGHWHFWLRQRIDQWLSKDVHRULQSKDVHOLQHVKDSHVUHVSHFWLYHO\LQWn2UGLQDU\
,1$'(48$7( )LJXUH  D \LHOGV DQWLSKDVH OLQH VKDSHVZKLOH UHIRFXVHG
,1$'(48$7( )LJXUH  E \LHOGV LQSKDVH OLQH VKDSHV 7KXV DW ILUVW
JODQFH IRU VROLG V\VWHPV UHIRFXVHG ,1$'(48$7( PD\ VHHP WR EH PRUH
VHQVLWLYH EHFDXVH RI WKH GHWHFWLRQ RI LQSKDVH OLQH VKDSHV +RZHYHU LQ WKLV
FDVHORVVRIVLJQDOGXHWRUHOD[DWLRQRFFXUVGXULQJWZRWSWGHOD\VLQVWHDGRI
RQO\RQHIRUWKHRUGLQDU\,1$'(48$7(VHTXHQFH2QWKHRWKHUKDQGLWKDV
EHHQ VKRZQoo WKDW WKH UHIRFXVHG ,1$'(48$7( H[SHULPHQW LV SDUWLFXODUO\
HIIHFWLYHLQGLVRUGHUHGV\VWHPV,QWKHVHFDVHVDVXEVWDQWLDOFRQWULEXWLRQWRWKH
DSSDUHQW OLQHZLGWKGXHWRGLVWULEXWLRQVRIVKLIWIUHTXHQFLHVFDQEHUHIRFXVHG

















































$OO WKH H[SHULPHQWV IHDWXUHG IRU WKH &V& ZHUH DFTXLUHG RQ D 9DULDQ
&KHPDJQHWLFV,QILQLW\VSHFWURPHWHURSHUDWLQJDWDSURWRQ/DUPRUIUHTXHQF\RI
0+] RQ DSSUR[LPDWHO\ PJ RIPDWHULDO SDFNHG LQWR D PP0$6
URWRU VSLQQLQJ DW  N+] 7KH IXOO VSHFWUDO ZLGWK ZDV  N+] WKH IUHH
LQGXFWLRQGHFD\ZDVDFTXLUHGIRUPVDQGDUHOD[DWLRQGHOD\RIVZDV







&0$6 VSHFWUXPRI&V&UHFRUGHG DW URRP WHPSHUDWXUH DQG D0$6
UDWHRIN+])LJXUHVKRZV.QLJKWVKLIWHGUHVRQDQFHVZKLFKH[WHQGZHOO
EH\RQG WKH QRUPDO 

& FKHPLFDO VKLIW UDQJH 7KH OLQNDJH VLWH ZKLFK LV VS

K\EULGLVHG LV H[SHFWHG WR KDYH D FKHPLFDO VKLIW RI  SSP

 DQG FDQ EH
DVVLJQHGWRSHDNL2WKHUVLWHVRQWKHIXOOHUHQHPROHFXOHDUHH[SHFWHGWREH
VKLIWHG IURP WKH& SRVLWLRQRISSPE\ WKH.QLJKW VKLIW3HDNV D E
DQG F KDYH VXEVWDQWLDO SRVLWLYH.QLJKW VKLIWV DQG K\SHUILQH FRXSOLQJV 7KH
VPDOO GLIIHUHQFHV EHWZHHQ WKLV VSHFWUXP DQG WKDW LQ 5HI  DULVH IURP
YDULDWLRQV LQ .QLJKW VKLIWV GXH WR VDPSOH KHDWLQJ HIIHFWV DULVLQJ IURP WKH
VSLQQLQJ$V GHVFULEHG LQ 5HI  WKH VSHFWUXP ILWV WR  /RUHQW]LDQ OLQHV
ZLWK WKH UHVRQDQFHV DW  SSP DQG  SSP FRUUHVSRQGLQJ WR UHVLGXDO
XQSRO\PHUL]HG & DQG KLJK WHPSHUDWXUH FXELF &V& UHVSHFWLYHO\ 7KH
FRPSOH[LW\ RI WKH 0$6 VSHFWUXP DQG WKH EURDG OLQHV DULVLQJ IURP VKLIW
GLVWULEXWLRQV FDXVHGE\ HIIHFWV VXFK DV LQFRPSOHWH SRO\PHUL]DWLRQPHDQ WKDW
UHFRUGLQJ D WZRGLPHQVLRQDO VFDODU FRUUHODWLRQ VSHFWUXP RI &V& LV DQ
H[SHULPHQWDOO\FKDOOHQJLQJWDVN
7ZR DSSURDFKHV WR WKH GHYHORSPHQW RI VFDODU FRUUHODWLRQ H[SHULPHQWV IRU
VROLGVKDYHEHHQGHVFULEHG UHFHQWO\7KH ILUVW RI WKHVH












WUDQVIHU XQGHU DQ LVRWURSLF PL[LQJ +DPLOWRQLDQ LQGXFHG E\ D 0$6










































































































































































































































































































































WKH VLWH ,Q)LJXUH D VLPXODWHG VSHFWUXPZLWK WKH DSSDUHQW OLQHZLGWK LV
VKRZQ WRJHWKHU ZLWK WKH H[SHULPHQWDO ' VSHFWUXP ,W LV VWUDLJKWIRUZDUG WR
GUDZ WKH FRQFOXVLRQ WKDW WKH UHIRFXVHG ,1$'(48$7( ZLOO JLYH XV PRUH
GHWDLOHG LQIRUPDWLRQ DERXW WKH VWUXFWXUH RI WKH VDPSOH WKDQ WKH QRUPDO



































































































































































































RI WKHHYROXWLRQ WLPH WfDQG WKHGZHOO WLPH LQ WKLVGLPHQVLRQZDVPV3XUH
DEVRUSWLRQ WZRGLPHQVLRQDO OLQHV ZHUH DFKLHYHG XVLQJ 733, $OO RWKHU
H[SHULPHQWDO SDUDPHWHUVZHUH DV JLYHQ IRU WKH RQHGLPHQVLRQDO VSHFWUXP RI
)LJXUH)LJXUHVKRZVDUHIRFXVHG,1$'(48$7(VSHFWUXPRISRO\PHU
&V&gh UHFRUGHGZLWK D SUHSDUDWLRQ GHOD\ W RI PV ,Q D D UHJLRQ LV
SORWWHGZLWK  SRVLWLYH FRQWRXU OHYHOV EHWZHHQ  DQG  SHU FHQW RI WKH
PD[LPXP LQWHQVLW\7KLV SORW DOORZV LQGLYLGXDO SHDNV LQ WKH FURZGHG XSSHU
ULJKWKDQGTXDGUDQWRIWKHWZRGLPHQVLRQDOVSHFWUXPWREHGLVFULPLQDWHGIURP
RQHDQRWKHUEXW WKH OHYHOVDUH WRRKLJK WRDOORZDQXPEHURIEURDGHUDQGRU




FRRUGLQDWHVRIDOO WKHSHDNVYLVLEOH LQ)LJXUH D DQG E REH\(T 
H[FHSWIRURQHDWSSPSSPIRUZKLFKWKHZjFRRUGLQDWH LVRXWVLGH
WKH UDQJH REVHUYHG LQ WKH0$6 VSHFWUXP 3HDNV YLVLEOH LQ )LJXUH  ZHUH
UHSURGXFHGLQDOOWKHUHIRFXVHG,1$'(48$7(VSHFWUDUHFRUGHG(DFKRIWKH
VXP IUHTXHQFLHVREVHUYHG LQ WKHZk GLPHQVLRQRI WKH VSHFWUXP LQ)LJXUH
FDQ EH DVVLJQHG WR D SDLU RI FDUERQ VLWHV WKDW DUH GLUHFWO\ ERQGHG LQ WKH
PROHFXOH$OOWKHSHDNVLQWKH0$6VSHFWUXPFDQEHDVVLJQHGWRVLWHVLQWKLV











2QO\RQHRI WKH VXP IUHTXHQFLHV H[SHFWHGRQ WKHEDVLVRI WKH DVVLJQPHQW LV
PLVVLQJIURPWKHVSHFWUXPWKLVLVGLVFXVVHGLQPRUHGHWDLOEHORZ,WVKRXOGEH
QRWHG WKDW WKHGLIIHUHQFHEHWZHHQ WKHREVHUYHGZr IUHTXHQF\DQG WKH VXPRI
WKHFRUUHVSRQGLQJVLQJOHTXDQWXPIUHTXHQFLHVLVQHYHUPRUHWKDQSSPDQG
LV OHVV WKDQ  SSP LQ WKH YDVW PDMRULW\ RI FDVHV ,Q VOLFHV RI WKH WZR







FDQEHYHULILHGE\DFDUHIXO LQVSHFWLRQRI WKHSHDNSRVLWLRQV LQ WKH ORZILHOG















































































































































































































































































































































































































































































































































































































































































































EHH[SHFWHG LQD VROXWLRQVWDWH ,1$'(48$7(VSHFWUXP VLQFHPDJQHWLFDOO\
HTXLYDOHQW QXFOHL KDYH D YDQLVKLQJ VFDODU FRXSOLQJ HYHQ ZKHQ FKHPLFDOO\
ERQGHG+RZHYHULQPDWHULDOVVXFKDVSRO\PHU&V&°±WKHDSSDUHQWOLQHZLGWK
DULVHV LQ SDUW IURP D VXSHUSRVLWLRQ RI UHVRQDQFHV IURP QXFOHL PDGH
LQHTXLYDOHQW E\ IRU H[DPSOH FKDLQ HQG HIIHFWV GHIHFWV LQ SDFNLQJ RU
LQFRPSOHWHSRO\PHUL]DWLRQ&KHPLFDOO\ERQGHGSDLUVRIVXFKLQHTXLYDOHQWEXW
XQUHVROYHG QXFOHL ZLOO VKRZ D VFDODU FRXSOLQJ ,W VKRXOG EH QRWHG WKDW WKH
DSSHDUDQFHRIWKHHTXLYDOHQFHSHDNDWSSPLVIXUWKHUHYLGHQFHWKDWSHDNL










³UHPRWH´ SHDNV FRQQHFWLQJ WZR QRQERQGHG QXFOHL N DQG P WKDW VKDUH D

FRPPRQFRXSOLQJSDUWQHUOPLJKWDOVREHH[SHFWHG6XFKSHDNVDUHFRPPRQO\
REVHUYHG LQ VROXWLRQVWDWH ,1$'(48$7(VSHFWUDRI DEXQGDQW VSLQV VXFK DV





º»ZZ  +RZHYHU WKH\ KDYH QRW EHHQ
REVHUYHG WR RXU NQRZOHGJH IRU ¼
½
& LQ VROLGV HYHQ ZLWK  LVRWRSLF
HQULFKPHQW
,Q RXU VSHFWUD D VPDOO QXPEHU RI UHPRWH SHDNV DUH MXVW YLVLEOH IRU WKH ILUVW
WLPHLQVROLGVWDWH105DERYHWKHQRLVHDWORQJHUSUHSDUDWLRQWLPHVDQGWKHLU








7KH FRKHUHQFH WUDQVIHU SKHQRPHQD WKDW JLYH ULVH WR WKHVH VLJQDOV FDQ EH
H[SODLQHGE\FRQVLGHULQJDOLQHDUWKUHHVSLQV\VWHP7KHV\VWHPLVDVVXPHGWR
EH LQLWLDOO\ LQ WKHUPDO HTXLOLEULXP LH V   ,¾¿,ÀÁ,ÂÃ )RU WKH VDNH RI
FODULW\ZHFRQVLGHUWKHWUDQVIRUPDWLRQVRIWKHVHWHUPVLQGLYLGXDOO\DVVXPLQJ















































--- FRVFRVVLQ  o o





















FRKHUHQFHV )RU VLPSOLFLW\ ZH FRQVLGHU W   -þß 
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LQIRUPDWLRQ WKDW FDQQRW EH GHULYHG IURP VLQJOHTXDQWXP PHWKRGV 7KH
HYROXWLRQRIWKLVWHUPLVJRYHUQHGE\WKHVXPRIWKHFKHPLFDOVKLIWVRIWKHWZR
UHPRWHVSLQVDQGE\WKHFRXSOLQJVWRWKHFHQWUDOVSLQV,




































  : ..FRVFRV WW,,,,, /00/001232143456 -
  : 77FRVVLQ WW,,,,, /00/001432123456 -
  : 88VLQFRV WW,,,, 9::9::;<=>;>=< -
  ??VLQVLQ WW,,,, @AA@AABCDCBEDE -: 


ZLWK :FGG   :H :I DQG -JKK   -HL  -LI ,I ZH FRQVLGHU D V\VWHP ZLWK
PDJQHWLFDOO\ HTXLYDOHQW QXFOHL ,M DQG ,N WKH HIIHFWLYH IUHTXHQFLHV DUH:JKK  
:HDQG-JKK -HL$WWKHHQGRIWKHHYROXWLRQSHULRGWKHSOPL[LQJSXOVH

IRXUWK SXOVH RI )LJXUH  FDQ RQO\ FRQYHUW WKH ILUVW WHUP LQ (T  LQWR











7KLV DQWLSKDVH PDJQHWL]DWLRQ PD\ EH SDUWO\ FRQYHUWHG LQWR LQSKDVH

















5HVLGXDODQWLSKDVH WHUPVFDQEHSXUJHGE\DSSO\LQJ WKH ODVW SmSXOVHRI
)LJXUH1RWHWKDWWKHVLJQRIWKH,noWHUPREWDLQHGLVRSSRVLWHZLWKUHVSHFWWR
WKH WHUPV REWDLQHG LQ WKH WZR VSLQ V\VWHP 7KXV LQ WKH UHIRFXVHG
,1$'(48$7(VSHFWUDRI&V&pqDOOVLJQDODVVRFLDWHGZLWKGLUHFWFRQQHFWLYLW\
FDQ EH PDGH WR DSSHDU SRVLWLYH ZKLOH VLJQDOV ZKLFK DULVH IURP ³UHPRWH´
FRQQHFWLYLWLHVDSSHDUQHJDWLYH
,WVKRXOGEHQRWHGWKDWWKHUHPRWHSHDNVZLOORFFXURQO\LQWKHFDVHWKDWWKHUH
LVDSDUWLFXODUFRQILJXUDWLRQZLWKVSLQV V\VWHP WKRXJKDQGQRW LQ WKHRWKHU




$VLPXODWLRQRI WKHEXLOGXSFXUYHIRU UHPRWHSHDNVKDVEHHQGRQH DQG LW LV
SRVVLEOHWRVHHWKDWWKHVLJQDOKDVQHJDWLYHLQWHQVLW\YDOXHV,Q)LJXUHVXFK

VLPXODWLRQ LV VKRZQ WRJHWKHU ZLWK WKH VLPXODWLRQ RI WKH ³RUGLQDU\´ FURVV
,1$'(48$7(SHDNV,IWKHZHDNFRXSOLQJ+DPLOWRQLDQLVXVHGIRUWKHODWWHU
VLPXODWLRQLWLVSRVVLEOHWRVHHWKDWWKHFXUYHVREWDLQHGDUHFRQVLVWHQWZLWKWKH
DQDO\WLFDO DQG H[SHULPHQWDO UHVXOWV ,Q)LJXUH  WKH FXUYHV REWDLQHG DGGLQJ
WKH UHOD[DWLRQ SURFHVV 7r    V IURP WKH VSLQHFKR PHDVXUHPHQWV DUH
DOVRVKRZQ,WLVQRZFOHDUIURPWKHVLPXODWLRQVWKDWWKHEXLOGXSRIWKHVLJQDO
LQWHQVLW\IRUWKHUHPRWHSHDNVKDSSHQVDWORQJHUSUHSDUDWLRQGHOD\DQGWKLVLV


































































































































































































































































































































































































































































































































































































































































































































































































































































































































,Q 5HI  WZR SRVVLEOH DVVLJQPHQWV ZHUH IRXQG WR EH FRQVLVWHQW ZLWK WKH
105GDWD7KHGLIIHUHQFHEHWZHHQWKHVHKLQJHVDURXQGVLWHVDQGZKLFK
DUHDVVLJQHG WR HLWKHUSHDN F RUSHDN G LQ WKH WZRSRVVLELOLWLHV$FKRLFH
EHWZHHQ WKHVH FRXOG RQO\ EH PDGH RQ WKH EDVLV RI FDOFXODWHG K\SHUILQH
FRXSOLQJ FRQVWDQWVZKLFK VXJJHVWHG WKH IRUPHUZDV WKH FRUUHFW DVVLJQPHQW
+RZHYHU WKLV DPELJXLW\ LV UHPRYHG E\ WKH UHIRFXVHG ,1$'(48$7(
VSHFWUXPGXHWRWKHREVHUYHGVXPIUHTXHQFLHVZKLFKLQYROYHSHDNG,QERWK
SRVVLELOLWLHV WKLV SHDN FRUUHVSRQGV WR VLWH ZKLFK LV ERQGHG WR VLWHV 
DQG,QWKHVHFRQGSRVVLELOLW\GHVLJQDWHGFKRLFH%LQ5HISHDNJLV
DVVLJQHG WR VLWH ZKLOH VLWH  FRQWULEXWHV WR WKH LQWHQVH SHDN G 7KLV
DVVLJQPHQW LV QRW FRQVLVWHQW ZLWK WKH UHIRFXVHG ,1$'(48$7( VSHFWUXP
VLQFHLWUHTXLUHVWKHDSSHDUDQFHRISHDNVZLWKDVXPIUHTXHQF\RISSPDW
SSPSSPDQGSSPSSPZKLFKDUHQRWREVHUYHG2QWKH
RWKHUKDQG WKHSRVVLELOLW\ GHVLJQDWHG FKRLFH$ LQ5HI  LV FRQVLVWHQWZLWK
WKH UHIRFXVHG ,1$'(48$7( VSHFWUXP 7KLV FKRLFH UHTXLUHV SHDNV ZLWK D
VXPIUHTXHQF\RIJUHDWHUWKDQSSPOLQNLQJSHDNGZLWKRQHRIWKHORZ
ILHOG SHDNV D RU E 6XFK SHDNV DUH DSSDUHQW LQ WKH UHIRFXVHG
,1$'(48$7( VSHFWUXP SDUWLFXODUO\ DW WKH ORZHU FRQWRXU OHYHOV SORWWHG LQ




VSHFWUXPLVVXIILFLHQW WRDVVLJQSHDND WRVLWH RQ WKHEDVLVRI WKH ORZ
ILHOG SHDN DW  SSP  SSP LQ )LJXUH  F ,W VKRXOG EH QRWHG WKDW





















































































































































































































































:LWK WKH DVVLJQPHQW FRPSOHWHG H[SHULPHQWDO .QLJKW VKLIW YDOXHV FDQ EH


























7DEOH  ,Q )LJXUH  D &LMWULPHU LV UHSUHVHQWHG ZKHUH VLWHV ZLWK GLIIHUHQW
K\SHUILQHFRXSOLQJDUHGHSLFWHGZLWKGLIIHUHQWFRORXUV
,WVKRXOGDOVREHQRWHGWKDWWKHVHFDOFXODWLRQVZHUHFDUULHGRXWLQWKHYDFXXP
DQG GR QRW LQFOXGH HIIHFWV RI SDFNLQJ LQ WKH VROLG ZKLFK FOHDUO\ EUHDN WKH




























































































































6LWH   
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XVLQJ D UHIRFXVHG ,1$'(48$7( H[SHULPHQW ,Q FRQWUDVW WR SUHYLRXVZRUN
WKHDVVLJQPHQWGRHVQRWUHO\RQNQRZOHGJHRI WKHHOHFWURQLFVWUXFWXUHRI WKLV
PDWHULDO ([SHULPHQWDO .QLJKW VKLIWV DQG VSLQ GHQVLWLHV H[WUDFWHG IURP WKH
VSHFWUXPDUH LQDJUHHPHQWZLWKGHQVLW\ IXQFWLRQDOFDOFXODWLRQVSHUIRUPHGE\
GH 6ZLHW HW DO
}~





FRQGXFWLRQ HOHFWURQV UHVLGH RQ VLWHV DURXQG WKH HTXDWRU RI WKH IXOOHUHQH
PROHFXOHZLWKLQVXODWLQJF\FORDGGLWLRQOLQNDJHVEHWZHHQPROHFXOHV+HQFHWKH




:H GHPRQVWUDWHG WKH H[SHULPHQWDO IHDVLELOLW\ RI WKH ,1$'(48$7(
H[SHULPHQW RQ DQ

& HQULFKHG VDPSOH RI WKH SRO\PHULF SKDVH RI &V&
VKRZLQJ WKDW ,1$'(48$7( H[SHULPHQW OHDGV WR D VXIILFLHQWO\ HIILFLHQW
H[FLWDWLRQ RI GRXEOH TXDQWXP FRKHUHQFH &RKHUHQFH WUDQVIHU LV H[FOXVLYHO\




& ,1$'(48$7(VSHFWUDSUHVHQWHGKHUH VKRZ IRU WKH ILUVW WLPH LQ D
VROLG³UHPRWH´FURVVSHDNVEHWZHHQQRQERQGHGSDLUVRIQXFOHLZKLFKVKDUHD
FRPPRQFRXSOLQJSDUWQHU7KHVHFURVVSHDNVDUHH[SHFWHGIURPDFRPSDULVRQ
ZLWK VROXWLRQVWDWH ,1$'(48$7( DW KLJK OHYHOV RI LVRWRSLF HQULFKPHQW ,Q
DGGLWLRQ QHZ ³HTXLYDOHQFH´ FURVV SHDNV XQLTXH WR VROLGVWDWH
,1$'(48$7(KDYHDOVREHHQREVHUYHGDQGWKHLURULJLQH[SODLQHG





WKH PDQQHU LQ ZKLFK WKH\ LQIOXHQFH SURSHUWLHV RI SUDFWLFDO LQWHUHVW 6HYHUDO







OHIW PDQ\ SUREOHPV XQVROYHG 3RO\HWK\OHQH 3( KDV EHHQ ZLGHO\
LQYHVWLJDWHG

 EHFDXVH RI LWV LQGXVWULDO LQWHUHVW DQG DOVR EHFDXVH RI WKH
SRVVLELOLW\ RI YDU\LQJ LWV PRUSKRORJ\ E\ GLIIHUHQW VDPSOH SUHSDUDWLRQ
SURFHGXUHV 1HYHUWKHOHVV SRO\GLVSHUVLW\ KDV EHHQ D JUHDW KLQGUDQFH WR





VWUXFWXUHRI WKH UHVXOWLQJPDWHULDO LV DIIHFWHGE\ SRO\GLVSHUVLW\ DQG DQ LGHDO
PRGHOFRPSRXQGVKRXOGQRWKDYHDZLGHGLVWULEXWLRQLQWKHFKDLQOHQJWK
0RQRGLVSHUVH SRO\PHUV FDQ EH DSSUR[LPDWHG E\ XVLQJ QDUURZ PROHFXODU
ZHLJKW IUDFWLRQV

0RQRGLVSHUVH ROLJRPHUVZLWK D IHZ WHQV RI FKDLQ DWRPV
KDYHEHHQV\QWKHVL]HGFKHPLFDOO\DQGVWXGLHGIRUPDQ\\HDUVPRVWQRWDEO\Q






 DQGPRUH UHFHQWO\ VKRUW ROLJRPHUV RI D










EHFDXVH FKDQJHV LQ WKH FKDLQ IROGLQJ FDQ LQGXFH PDUNHG GLIIHUHQFHV LQ
VWUXFWXUH DQG FRQVHTXHQWO\ LQ WKH RYHUDOO SHUIRUPDQFH DQG SRWHQWLDO
DSSOLFDWLRQVRISRO\PHUV)RUH[DPSOHKLJKPROHFXODUZHLJKW3( LVD WRXJK
SODVWLF VROLG EHFDXVH LWV FKDLQV DUH ORQJ HQRXJK WR FRQQHFW LQGLYLGXDO VWHPV
WRJHWKHUZLWKLQDODPHOODUFU\VWDOOLWHE\FKDLQIROGLQJ7KHFKDLQVDOVRZDQGHU






7KHUH DUH VHYHUDO PRGHOV WR GHVFULEH WKH PRUSKRORJ\ RI VHPLFU\VWDOOLQH
SRO\PHUVZKLFKGLIIHUPDLQO\LQWKHZD\LQZKLFKWKHIROGLQJRIWKHFKDLQLQ
WKH DPRUSKRXV OD\HU RI WKHPDWHULDO LV GHVFULEHG )RU WKLV UHDVRQ LW LV YHU\
LPSRUWDQW ERWK IRU LQGXVWULDO DSSOLFDWLRQV
¡¢




RIWHQ WR VWXG\ FKDLQ IROGLQJ 2QO\ D IHZ DWWHPSWV KDYH EHHQ FDUULHG RXW WR








WKH EXWDGLHQH XQLWV LQ WKH IROG VXUIDFH ZRXOG UHDFW FRPSOHWHO\ DQG WKDW WKH
FU\VWDOOLQHVWHPVZRXOGQRWUHDFWDWDOO7KHUHVXOWVIRXQGLQWKDWZRUNVWURQJO\
IDYRXUHGWKHPRGHORIDWLJKWDGMDFHQWUHHQWU\IROGIRU73%'ODPHOODHJURZQ
IURPGLOXWHKHSWDQH VROXWLRQEXW WKHPHWKRGXVHG WRGHWHUPLQH WKH IROG DQG
WKHFU\VWDOOLQHVWHPOHQJWKVLVRQO\DSSOLFDEOHWRDV\VWHPZKHUHWKHPRQRPHU
XQLWV LQ WKH IROGV WKH XQLWV LQ WKH VWHPV DQG WKH ³MXQFWLRQ´ SRLQWV EHWZHHQ

IROGVDQGFU\VWDOOLQHVWHPVFDQEHGLVWLQJXLVKHG)XUWKHUPRUHLWZDVDVVXPHG
WKDW RQO\ WKH EXWDGLHQH XQLWV LQ WKH IROG VXUIDFHZRXOG UHDFW WKH FU\VWDOOLQH
VWHPVUHPDLQLQJLPSHUYLRXVWRWKHUHDJHQW
:H XVHG VROLGVWDWH 105 WR VWXG\ D ORQJ QDONDQH &©ª«+ª¬ª ZKLFK FDQ EH
PDGHWRFU\VWDOOL]HLQWZRIRUPV7KHFKDLQIROGLQJLQWKHVHZDVYHULILHGE\


















7KH HDUOLHVW LQYHVWLJDWLRQV RI WKH
±®







LQLWLDO SDUW RI WKH GHFD\ ZDV REVHUYHG WR EH QRQH[SRQHQWLDO ZKLFK ZDV
DWWULEXWHG WR D GLVWULEXWLRQ RI UHOD[DWLRQ WLPHV
­µ
 RU WKH SRVVLELOLW\ RI VSLQ
GLIIXVLRQ ZLWKLQ WKH FU\VWDOOLQH UHJLRQV
´¶
 0RUH UHFHQWO\ D VHULHV RI





GLVWDQFH VROLGVWDWH FKDLQ GLIIXVLRQ EHWZHHQ WKH DPRUSKRXV DQG FU\VWDOOLQH
UHJLRQV$FFRUGLQJWR5HIWKHUHOD[DWLRQLQ3(FDQEHH[SODLQHGE\FKDLQ
GLIIXVLRQRQO\ ,Q WKDWSDSHU D0RQWH&DUOR VLPXODWLRQRI WKHGLIIXVLRQRI D














DQG ORQJLWXGLQDO UHOD[DWLRQZDV DOUHDG\ZHOO HVWDEOLVKHG
»½
 7KHD SURFHVV LV
DVVLJQHG WR 
¾





KHOLFDO MXPSV LQ RWKHU VHPLFU\VWDOOLQH SRO\PHUV
¿¿
 7KH PRWLRQ HIIHFWLYHO\
LQYROYHVDURWDWLRQDQGDWUDQVODWLRQE\RQHUHSHDWXQLWVXFKWKDWWKHSRUWLRQRI
WKHFKDLQLQ WKHFU\VWDOOLWHV LV LQ LWVHQHUJHWLFDOO\PRVW IDYRXUDEOHSRVLWLRQ LQ
WKHODWWLFHEHIRUHDQGDIWHUWKHMXPS%\LQFUHDVLQJWKHWHPSHUDWXUHWKHUHZLOO
EH PRUH SDUWV RI WKH FKDLQV WKDW ZLOO KDYH HQHUJ\ HTXDO RU ODUJHU WKDQ WKH
DFWLYDWLRQ HQHUJ\ IRU WKH D SURFHVV WKDW LV FKDLQ GLIIXVLRQ LV WHPSHUDWXUH
DFWLYDWHG
,Q WKH QH[W VHFWLRQV ZH LQYHVWLJDWH FKDLQ GLIIXVLRQ LQ 3( DQG QDONDQHV LQ
RUGHU WR JLYH QHZ LQVLJKWV LQWR WKH UHODWLRQVKLS EHWZHHQ FKDLQ GLIIXVLRQ DQG
UHOD[DWLRQLQVHPLFU\VWDOOLQHPDWHULDOV
)RUDEHWWHUXQGHUVWDQGLQJRI WKHPRWLRQ LQ3(DQGQDONDQHVZHSHUIRUPHG
RWKHU H[SHULPHQWV RQ SDUWLDOO\ GHXWHUDWHG VDPSOHV 7R RXU NQRZOHGJH QR
VWXGLHV RQ SDUWLDOO\ GHXWHUDWHG 3( RU QDONDQHV DUH SUHVHQW LQ WKH OLWHUDWXUH
7KLV LV GXH WR WKH GLIILFXOWLHVZLWK WKHLU SUHSDUDWLRQ DQG WR WKH IDFW WKDW WKH
LPSRUWDQWUROHSOD\HGE\WKHFKDLQHQGVLQWKHVWUXFWXUHRIWKHORQJQDONDQHV
KDV QRW EHHQ ZHOO UHFRJQL]HG DQG XQGHUVWRRG
ÃÄ













FKDLQV WKDW FDQ DOWHU WKH PRUSKRORJ\ )RU WKLV UHDVRQ ZH GHFLGHG WR
LQYHVWLJDWH D PL[WXUH RI GHXWHUDWHG QDONDQHV LQ DQ DWWHPSW WR OLQN WKH JDS
EHWZHHQ WKH SXUH PRGHO FRPSRXQGV DQG WKH UHDO SRO\GLVSHUVH SRO\PHUV
)XUWKHUPRUH GHXWHUDWHG QDONDQHV FDQ EH XVHG WR VWXG\ WKH QDWXUH RI WKH
DPRUSKRXV OD\HU DQG SDUWLFXODUO\ WKH FU\VWDODPRUSKRXV LQWHUSKDVH 7KHUH
KDYHEHHQRQO\DIHZDWWHPSWVLQUHFHQW\HDUVLQWKLVGLUHFWLRQ6PDOODQJOH[
UD\VFDWWHULQJ6$;6KDVEHHQXVHGWRREWDLQWKHGHQVLW\FRUUHODWLRQIXQFWLRQ




 EXW WKH UHVXOWLQJ
VWUXFWXUDO LQIRUPDWLRQ LV RI OLPLWHG SUHFLVLRQ GXH SDUWO\ WR SRRU SRVLWLRQDO
RUGHU 5HFHQWO\ =HQJ DQG 8QJDU LQYHVWLJDWHG D PL[WXUH RI QDONDQHV E\
GLIIHUHQW WHFKQLTXHV
ÌÍ
 6$;6 5DPDQ VSHFWURVFRS\ 7KH\ SURSRVHG D QHZ
PRGHOZKHUHDWULSOHOD\HUVXSHUODWWLFHLVIRXQGWREHWKHVWUXFWXUHRIWKHORZ
WHPSHUDWXUH SKDVH RI VHYHUDO ELQDU\ VROLG VROXWLRQV RI YHU\ ORQJ FKDLQ Q
DONDQHV ZLWK D FKDLQ OHQJWK UDWLR EHWZHHQ  DQG  DQG D FKDLQ OHQJWK






WKH UHVXOWV REWDLQHG FRPSOHPHQW WKH SUHYLRXV ILQGLQJV RI =HQJ DQG 8QJDU




7R VWXG\ WKH VWUXFWXUH RI VHPLFU\VWDOOLQH SRO\PHUV ZH SHUIRUPHG D VLPSOH
VLQJOH SXOVH H[SHULPHQW DFFRUGLQJ WR )LJXUH  7KH FXUYHV IRU 8OWUD +LJK










WLPH WÎ LV NHSW FRQVWDQWZKLOH WÏ LV YDULHG DQG WKH LQWHQVLW\ RI WKH VLJQDO LV
SORWWHGDJDLQVWWÏ
8VLQJ WKH SXOVH VHTXHQFH VKRZQ LQ )LJXUH  ZLWK D WÎ RI RQO\  V ZH
REWDLQHG VDWXUDWLRQUHFRYHU\ FXUYHV WKDW DUH DQDORJRXV WR WKH RQH VKRZHG LQ
)LJXUHZKHUHWKHPD[LPXPDWVLVVWLOOSUHVHQWIRUWKHDPRUSKRXVSHDN
$VXEVWDQWLDO FKDQJHRFFXUVZKHQXVLQJ ORQJHUWÎ YDOXHV DV VXPPDUL]HG LQ
























































































































































































































































































& VLJQDO DV H[SODLQHG LQ VHFWLRQ  :KHQ WKH SXOVH VHTXHQFH
GHVFULEHGLQ)LJXUHLVDSSOLHGXVLQJDVKRUWW¦WKHQ2HLVVWLOOSUHVHQWDVWKH
SURWRQVDUHQRWIXOO\UHOD[HGDWWKHEHJLQQLQJRIWKHDFTXLVLWLRQWLPHIRUVKRUW
YDOXHV RI W§ 7KH Q2H DW ORZ W¨YDOXHV GHFUHDVHV ZLWK ORQJHU W© DQG RQO\
GLVDSSHDUVIRUYDOXHVRIUHOD[DWLRQWLPHDVORQJDVV)LJXUHFZKHQ
WKH VDWXUDWLRQUHFRYHU\ FXUYH RI WKH DPRUSKRXV SHDN ZLOO VKRZ WKH QRUPDO
WUHQGZLWK QRPD[LPXP$OWKRXJK WKH ILQDO YDOXHV RI LQWHQVLW\PHDVXUHG LQ
WKH WZRGLIIHUHQWFDVHV VKRUWDQG ORQJWª DUH WKH VDPH WKHEXLOGXSRI WKH
VLJQDODW WKHEHJLQQLQJ LVVXEVWDQWLDOO\GLIIHUHQW DQGQHJOHFWLQJ WKHSUHVHQFH
RI Q2H FRXOG JUDYHO\ DIIHFW WKHPRGHOOLQJ RI WKH H[SHULPHQWDO UHVXOWV1RWH
WKDWHYHQWKHFU\VWDOOLQHSHDNLVHQKDQFHGE\XVLQJDVKRUWW«DQGWKLVVWURQJO\
LQGLFDWHV WKDW WKH RULJLQ IRU WKH ORQJLWXGLQDO UHOD[DWLRQ LV VLPLODU IRU ERWK
SKDVHV
7KHFU\VWDOOLQLW\RI WKH VDPSOHZDV FDOFXODWHG H[SHULPHQWDOO\E\SHUIRUPLQJ
ZLGH OLQH ¬+ 105 H[SHULPHQWV $ VWDQGDUG ­W® VROLGHFKR SXOVH
VHTXHQFHZDVXVHGZLWKLQWHUSXOVHVSDFLQJWYDU\LQJEHWZHHQDQGPV
7KH EURDG FRPSRQHQW RI WKH VSHFWUXP UHSUHVHQWLQJ WKH FU\VWDOOLQH SKDVH
REWDLQHGDWHDFKYDOXHRIWZDVILWWHGWRD*DXVVLDQIXQFWLRQ7KHLQWHQVLWLHVRI
DOO WKH *DXVVLDQ IXQFWLRQV VR IRXQG ZDV SORWWHG DV D IXQFWLRQ RI W DQG WKH
FXUYH REWDLQHG ZDV ILWWHG WR DQRWKHU *DXVVLDQ IXQFWLRQ DQG WKLV ZDV
H[WUDSRODWHGEDFN WR]HUR WRREWDLQ WKHFU\VWDOOLQLW\ZKLFKZDVFDOFXODWHG WR


























































































































































































































































































































































































































































































































































































































































7KHQH[W VDPSOHV VWXGLHG LQRXU ODERUDWRU\ZHUHQDONDQHV FRUUHVSRQGLQJ WR
WKHIRUPXOD&+7KHSXUHORQJFKDLQQDONDQHVZHUHNLQGO\SURYLGHGE\
'UV*0%URRNHDQG60RKDPPHG8QLYHUVLW\RI'XUKDP)RUGHWDLOV RI
V\QWKHVLV VHH5HI  ,W KDV DOUHDG\ EHHQ VKRZQ LQ WKH OLWHUDWXUH













H[WHQW RI VXSHU FRROLQJ LV GHILQHG DV 77 ZKHUH 7 LV WKH PHOWLQJ
WHPSHUDWXUH DQG 7 WKH FU\VWDOOL]DWLRQ WHPSHUDWXUH $OWKRXJK WKH H[WHQGHG
FKDLQ FU\VWDO LV WKH RQH RI PD[LPXP VWDELOLW\ WKH SUREDELOLW\ RI FKDLQV
H[WHQGLQJWKHPVHOYHVIXOO\LQSULPDU\QXFOHDWLRQLVORZDWODUJHVXSHUFRROLQJ
&KDLQIROGHGIOXFWXDWLRQVWKDWLQYROYHORZHUIUHHHQHUJ\EDUULHUVDUHSUHIHUUHG
(YHQ LI DQ H[WHQGHG FKDLQ VXEVWUDWH LV DYDLODEOH WKH IROGHG FKDLQ FU\VWDO





SRLQW IRU FU\VWDOOL]DWLRQ 7KH UDWH RI VXSHU FRROLQJ LV FUXFLDO IRU REWDLQLQJ
VDPSOHV WKDW DUH H[DFWO\2) LQVWHDG RI UDQGRPO\ IROGHG ,Q RXU FDVH LWZDV































$VGLVFXVVHG LQ VHFWLRQ IRU DEHWWHUXQGHUVWDQGLQJRI WKHPRWLRQ IRU WKH
LQWHUODPHOODH SDUW ZH GHFLGHG WKHQ WR LQYHVWLJDWH GLIIHUHQW GHXWHUDWHG
FRPSRXQGV $ ORQJ FKDLQ QDONDQH KDYLQJ D GHXWHUDWHG FKDLQ HQG DQG
FRUUHVSRQGLQJ WR WKH IRUPXOD &+ﬀ&+ﬁ&+'&'ﬂ &ﬃ+ﬂG ZDV
VWXGLHG DV ZHOO DV D PL[WXUH RI QDONDQHV FRUUHVSRQGV WR WKH IRUPXOD
&+ﬀ&+ﬁ&+'&'ﬂ& !"+#"! ³WKHPL[WXUH´ 7KH VDPSOHV NLQGO\
SURYLGHG E\ 'UV *0 %URRNH DQG 60RKDPPHG 8QLYHUVLW\ RI 'XUKDP




WKH H[WHQGHG ( IRUP KDYLQJ EHHQ FRROHG GRZQ VORZO\ DFFRUGLQJ WR WKH
SURFHGXUH GHVFULEHG DERYH ZKLOH WKH PL[WXUH KDV EHHQ REWDLQHG VLPSO\
DGGLQJ WR &*,-++.+G*+WKH QRQGHXWHUDWHG ORQJ QDONDQH &,-*+.*-
/0
 7KLV











 DQG WKH URWDWLRQRI WKHPHWK\O JURXS
566
7KH VLPXODWLRQ KDV EHHQ
GRQH XVLQJ WKH PHWKRG SURSRVHG E\ +HDWRQ
565























H[FKDQJH RSHUDWRU: (DFK RIIGLDJRQDO HOHPHQW:DE UHSUHVHQWV WKH UDWH RI
WUDQVIHURISRSXODWLRQIURPVLWHMWRVLWHLDQGLVJRYHUQHGE\WKHPRGHOXVHG
WRGHVFULEHWKHPROHFXODUG\QDPLFV
7KH UHOD[DWLRQ IXQFWLRQ0W PD\ EH HYDOXDWHG LI ZH FRQVLGHU RQO\ WLPHV W

















MO WXXWS OH[S P
ZKHUHXQRDUHHOHPHQWVRIWKHHLJHQYHFWRUPDWUL[RIWKHH[FKDQJHRSHUDWRU:
DQG OS DUH WKH FRUUHVSRQGLQJ HLJHQYDOXHV ([SOLFLW IRUPV IRU WKH PDWUL[







)RUD MXPSPRWLRQPRGHO WKDW LQYROYHVQVLWHV WKH
















































$OO WKH H[SHULPHQWV IHDWXUHG LQ VHFWLRQ  ZHUH DFTXLUHG RQ D 9DULDQ
&KHPDJQHWLFV,QILQLW\VSHFWURPHWHURSHUDWLQJDWDSURWRQ/DUPRUIUHTXHQF\RI
0+]




9DULDQ &KHPDJQHWLFV VWDWLF SUREH ZDV XVHG IRU DOO WKH H[SHULPHQWV RQ WKH
GHXWHUDWHGVDPSOHV
8QGLVWRUWHGGHXWHURQOLQHVKDSHV62/,'(&+2












DSSO\LQJ D VHFRQG SXOVH LQ TXDGUDWXUHZLWK WKH ILUVW RQH WKHPDJQHWL]DWLRQ










HFKR LV OLPLWHG E\ 7

 RQO\ LQ SUHVHQFH RI PRWLRQ KRZHYHU WKH 105
IUHTXHQFLHV LQ WKH SHULRGV RI GHVWUXFWLYH LQWHUIHUHQFH DQG FRQVWUXFWLYH
UHIRFXVLQJUHVSHFWLYHO\PD\EHGLIIHUHQW7KLVQRWRQO\ OHDGV WRD UHGXFWLRQ
RI WKH HFKR DPSOLWXGH EXW DOVR FDXVHV FKDUDFWHULVWLF VLJQDO FKDQJHV

 7KLV

































SUDFWLFH LW WXUQVRXWQRW WREH HVVHQWLDO WRPHHW WKHVH UHTXLUHPHQWV IXOO\%\
FKRRVLQJ
ª





E\ +HQWVFKHO HW DO¬
­®
 ZDV DSSOLHG 7R REWDLQ VSHFWUD WKDW DUH V\PPHWULF









































VDPSOHV ZH SHUIRUPHG WKH VDWXUDWLRQUHFRYHU\ H[SHULPHQW 7KH SXOVH
VHTXHQFH VWDUWV ZLWK ILYH Õ SXOVHV VHSDUDWHG E\ a  PV GXULQJ ZKLFK WKH
QXFOHDUPDJQHWL]DWLRQ LV VDWXUDWHG$ZDLWLQJ WLPH WÖ LV DSSOLHG SULRU WR WKH









































































































































7KHILUVW VDPSOHVWXGLHG LQRXU ODERUDWRU\ZDV8OWUD+LJK0ROHFXODU:HLJKW
3RO\HWK\OHQH 8+0:3( $OWKRXJK SHUIRUPLQJ VROLGVWDWH 105











RXU PRGHOV DQG VLPXODWLRQV VR WKDW ZH FDQ FRPSDUH WKH GLIIHUHQFHV LQ
VWUXFWXUHEHWZHHQORQJSRO\PHUVOLNH8+0:3(DQGWKHORQJFKDLQQDONDQHV
KLJKOLJKWLQJWKHVLPLODULWLHVDQGRUSHFXOLDULWLHV
)LUVW RI DOO OHW XV FRQVLGHU WKH VSHFWUXP RI 8+0:3( UHFRUGHG XVLQJ WKH
VWDQGDUG VLQJOH SXOVH H[SHULPHQWZKHUHZH GHFRXSOH WKH SURWRQV GXULQJ WKH
DFTXLVLWLRQ WLPH )LJXUH  8VLQJ D UHOD[DWLRQ WLPH RI  V DOORZV XV WR
REVHUYHWZRFOHDUO\VHSDUDWHGSHDNVDWDERXWDQGSSPDOWKRXJKWKH
ODWWHU LVRQO\SDUWLDOO\ UHOD[HG)RU DOLSKDWLFPROHFXOHV LW LVZHOONQRZQ WKDW
WKHFKDQJHRIDFDUERQFDUERQERQGFRQIRUPDWLRQIURPWUDQVWRJDXFKHUHVXOWV
LQ D VLJQLILFDQW XSILHOG VKLIW IRU WKH UHVRQDQFHV RI QHLJKERXULQJ FDUERQV
7KHVH FRQIRUPDWLRQDO VKLIW YDULDWLRQV GHQRWHG DV WKH JJDXFKH DQG YLFLQDO

































































































7KH UHODWLYHO\ QDUURZ SHDN DW  SSP FRUUHVSRQGV WR FDUERQ DWRPV LQ
UHJLRQVZKHUHWKHFKDLQVDGRSWDQDOOWUDQVFRQIRUPDWLRQ³FU\VWDOOLQHSKDVH´
ZKLOH WKHSHDNDWSSPDULVHV IURPLQQHUFDUERQDWRPV LQ UHJLRQVZKHUH
WKHUH DUH VRPH JDXFKH FDUERQ ERQGV ³DPRUSKRXV SKDVH´ 7KH UHOD[DWLRQ
GHOD\RIVZDVFKRVHQVRWKDWWKHDOOWUDQVSHDNLVSDUWLDOO\VDWXUDWHG
6LQFH VLPSOH H[DPLQDWLRQ RI WKH ' VSHFWUXP GRHV QRW SURYLGH IXUWKHU
LQIRUPDWLRQ ZH GHFLGHG WR VWXG\ WKH UHFRYHU\ RI

& PDJQHWL]DWLRQ DIWHU
VDWXUDWLRQIRU8+0:3(DWGLIIHUHQW WHPSHUDWXUHV LQRUGHU WREXLOGDPRGHO
RI UHOD[DWLRQ WKDW FDQ VLPXODWH WKH H[SHULPHQWDO GDWD RI )LJXUH  $V
GLVFXVVHG LQ WKH LQWURGXFWRU\ VHFWLRQ  WKH FKDLQ GLIIXVLRQ KDV WR EH WKH
PDLQ IDFWRU UHVSRQVLEOH IRU WKH UHFRYHU\ RI WKHPDJQHWL]DWLRQ1HYHUWKHOHVV

DFFXUDWHILWVFDQQRWEHSURGXFHGE\FKDLQGLIIXVLRQRQO\DVDWVKRUW WLPHWKH
UHFRYHU\ RI WKH PDJQHWL]DWLRQ JLYHV ULVH WR D VWHHS VORSH $QDORJRXVO\ WKH
LQWURGXFWLRQRI VSLQGLIIXVLRQ LQ WKHPRGHOGRHVQRW UHSURGXFH WKH FXUYDWXUH
UHTXHVWHGE\WKHH[SHULPHQWDOGDWDDWVKRUWUHOD[DWLRQWLPH,Q)LJXUHWZR
GLIIHUHQW DWWHPSWV WR VLPXODWH WKH GDWD XVLQJ RQO\ FKDLQ GLIIXVLRQ DQG VSLQ
GLIIXVLRQDUHVKRZQ
:HWKHQLQWURGXFHGLQWKHPRGHODUDSLG7 UHOD[DWLRQSURFHVVIRUDVPDOOSDUW













RI VXFK DQ LQWHUSKDVH DUH UHSRUWHG LQ OLWHUDWXUH DQG D PRGHO ZKHUH DQ
LQWHUSKDVHUHJLRQRQWKHVXUIDFHRIWKHFU\VWDOOLWHVEHVLGHVWKHWZRFU\VWDOOLQH
DQGDPRUSKRXVSKDVHVLVSUHVHQWKDVEHHQRIWHQSURSRVHGDVDFRQVHTXHQFHRI
WKH KLJKHU FRQILJXUDWLRQDO FRQVWUDLQW RI WKH XQLWV DGMDFHQW WR WKH FU\VWDOOLQH




























DQG QHXWURQ VFDWWHULQJ DPRQJ RWKHUV FOHDUO\ GHPRQVWUDWH WKH SUHVHQFH RI DQ
DSSUHFLDEOH LQWHUIDFLDO UHJLRQ WKDW LV FKDUDFWHUL]HG E\ WKH SDUWLDO RUGHULQJ RI
WKHFKDLQXQLWV
)LWV WR WKH H[SHULPHQWDO YDOXHV LQ )LJXUH  ZHUH SURGXFHG E\ PHDQV RI D
0RQWH &DUOR VLPXODWLRQ RI WKH GLIIXVLRQ RI D VDPSOH LQ D ODPHOODU FU\VWDO

ZKHUH DQ LQWHUSKDVH EHWZHHQ WKH DPRUSKRXV DQG WKH FU\VWDOOLQH SDUWV ZDV
LQWURGXFHG 7KLV PRGHO FKDLQ FRQVLVWV RI  FU\VWDOOLQH VWHPV HDFK 
UHSHDWXQLWVORQJDPRUSKRXVORRSVSOXVWZRFKDLQHQGVZKRVHOHQJWKZDV
DGMXVWHG WR PDWFK WKH FU\VWDOOLQLW\ 7KH LQWHUSKDVH FRQVLVWHG RI  QXFOHL






&QXFOHL WKDWDUH LQ WKHDPRUSKRXVUHJLRQVZHUHDOORZHG WR UHOD[ZLWK
UHOD[DWLRQ WLPH FRQVWDQW 7½ REWDLQHG IURP WKH H[SHULPHQWDO FXUYHV RI WKH
DPRUSKRXV SDUW 7¿À#  V :LWK HYHU\ MXPS RI D FU\VWDOOLQH VWHP WKH
OHQJWKV RI WZR DGMDFHQW ORRSV DUH LQFUHDVHG DQG GHFUHDVHG UHVSHFWLYHO\ E\
RQHUHSHDWXQLW$VDUHVXOWRIVXFFHVVLYHGLIIXVLRQVWHSVDOOSDUWVRIWKHFKDLQ
VORZO\PRYHDZD\IURPWKHLULQLWLDOSRVLWLRQVZKLOHWKHORRSOHQJWKVIOXFWXDWH
7KH MXPSV KDYH D ILQLWH SUREDELOLW\ RI VXFFHVV DQG D UDQGRP QXPEHU
JHQHUDWRU LV XVHG WR GHWHUPLQHZKHWKHU D SDUWLFXODU MXPS LV VXFFHVVIXO 7KH
SUREDELOLW\FDQEHWUDQVODWHGGLUHFWO\LQWRDMXPSUDWHDQGWKHUHIRUHZLOOYDU\DW
GLIIHUHQW WHPSHUDWXUHV $IWHU HDFK GLIIXVLRQ VWHS RQO\ WKH QXFOHL LQ WKH
DPRUSKRXVDQGLQWKHLQWHUSKDVHSRUWLRQVDUHDOORZHGWRUHOD[7KHUHOD[DWLRQ
VWHS LVDOVR LPSOHPHQWHG VWDWLVWLFDOO\XVLQJ D UDQGRPQXPEHU JHQHUDWRUZLWK
WKHSUREDELOLW\RIUHOD[DWLRQLQWKHDPRUSKRXVSKDVHVHWWREHJUHDWHUWKDQWKDW














  MXPSVV WKDW LV WKH SURFHVV LV VORZHG GRZQ E\
FRQVWUDLQWV RI WKH FKDLQ ORRSV LQ WKH DPRUSKRXV GRPDLQV 7KH YDOXHV RI WKH
GLIIXVLRQUDWHDWGLIIHUHQWWHPSHUDWXUHVIRXQGLQRXUVLPXODWLRQVDOORZHGXVWR
HVWLPDWHWKHDFWLYDWLRQHQHUJ\IRU WKHDSURFHVV(Ä N-PRO7KLV
UHVXOW ILWV YHU\ ZHOO ZLWK OLWHUDWXUH YDOXHV
ÅÆÇ
 RI  N-PRO IRU WKH D
UHOD[DWLRQLQ3(
2XUPRGHOLVDOVRWKHRQO\VHQVLEOHRQHWKDWFDQILWWKHDQDORJRXVGDWDIRUWKH
ORQJ FKDLQ QDONDQH &ÈÉÊ+ÉËÉ DV LW LV VKRZQ LQ WKH QH[W SDUDJUDSK ,Q WKDW
FDVH WKH FKDLQ GLIIXVLRQ VHHPV VWLOO WR EH WKH PDLQ GULYLQJ IRUFH IRU WKH





























































































































































































































































































































































































































































































































































































































































































































































































































































































&0$6 VLQJOH SXOVH H[SHULPHQWV DW D /DUPRU IUHTXHQF\ RI
0+]RQDSSUR[LPDWHO\PJRI&}~+LQERWKWKHRQFHIROGHG2)
DQGH[WHQGHG(IRUPVSDFNHGLQWRDPP0$6URWRUVSLQQLQJDWN+]DW
URRP WHPSHUDWXUH 7KH 0$6 UDWH ZDV FKRVHQ WR HQVXUH WKDW VSLQQLQJ
VLGHEDQGV ZHUH QRW RYHUODSSLQJ ZLWK WKH PDLQ SHDNV 7KH VSHFWUD REWDLQHG






FDUERQ DWRPV LQ WKH FKDLQ HQGV VXFK DV &+  SSP &+&+ 
SSP &+&+&+  SSP /RWV RI LPSRUWDQW UHVXOWV FDQ EH LQIHUUHG
IURPWKHWZRVSHFWUDLQ)LJXUH)LUVWRIDOOIRUERWKVDPSOHVEHFDXVHRIWKH
SUHVHQFHRI WKHSHDN DW SSP LV REYLRXV WKDW SDUW RI WKH FKDLQ LV LQ WKH
DPRUSKRXV SKDVH ZKHUH VRPH FDUERQ QXFOHL KDYH JDXFKHJDXFKH
FRQIRUPDWLRQV DQG H[SHULHQFH D ODUJH PRELOLW\ 7KLV UHVXOW LV LQ DJUHHPHQW




 1HYHUWKHOHVV LQ FRQWUDVW WR DOO WKH SUHYLRXV VWXGLHV IURP WKHVH
VDPSOHV ZH FDQ REWDLQ VRPH TXDQWLWDWLYH LQIRUPDWLRQ RQ WKH DPRXQW RI
PDWHULDOFRQWDLQHG LQHDFKSKDVH ,QFRQWUDVW WR8+0:3(ZKHUH WKHUHZDV
QR VLJQDO IURP WKH HQGV RI WKH FKDLQV IURP WKHVH VDPSOHV ZH DUH DEOH WR
REVHUYHSHDNVWKDWFRUUHVSRQGWRWKHPHWK\ODQGWKHODVWPHWK\OHQHJURXS)RU
WDVORQJDVVWKHVLJQDOVIURPWKHFKDLQHQGVDVZHOODVWKHDPRUSKRXV
SHDN DUH IXOO\ UHOD[HG +HQFH WKH DPRXQW RI DPRUSKRXV PDWHULDO FDQ EH

TXDQWLILHGE\QRUPDOL]LQJZLWKUHVSHFW WR WKHPHWK\O LQWHQVLW\7KHFRPSOHWH
OLVWRIUHVXOWVREWDLQHGLVVKRZQLQ7DEOHZKHUH1ŁLVWKHQXPEHURIQXFOHL
LQWKHDPRUSKRXVSKDVH
2)& 2)& (& (&





































































,QRUGHU WRJDLQPRUH LQIRUPDWLRQDERXW WKH VWUXFWXUH DQG WKHPRWLRQRI WKLV
VDPSOH ZH SHUIRUPHG WKH VDPH H[SHULPHQW DV GHVFULEHG SUHYLRXVO\ IRU




























































































































































































































































































































































































































































7KHUHKDVEHHQ FRQVLGHUDEOHDUJXPHQWRYHU WKH \HDUV FRQFHUQLQJ WKHZD\ LQ
ZKLFK IROGLQJ RFFXUV DQG WKH QDWXUH RI WKH IROG SODQHý
þ
 7KH PRGHOV UDQJH
IURP UDQGRP UHHQWU\ RQHVZKHUH DPROHFXOH OHDYHV DQG UHHQWHUV D FU\VWDO
UDQGRPO\WRDGMDFHQWUHHQWU\PRGHOVZKHUHE\PROHFXOHVOHDYHDQGUHHQWHU
WKHFU\VWDOVLQDGMDFHQWSRVLWLRQ7KHPDLQFRQVHQVXVRIRSLQLRQDSSHDUVWREH
WKDW LQ VLQJOH FU\VWDOV JURZQ IURP GLOXWH VROXWLRQ WKH PROHFXOHV XQGHUJR
DGMDFHQW UHHQWU\ß
 
 7ZR SDUWLFXODU DGMDFHQW UHHQWU\ PRGHOV KDYH EHHQ
VXJJHVWHG ZKHUH WKH IROGV DUH HLWKHU UHJXODU DQG WLJKW RU LUUHJXODU DQG RI


















































































































RWKHU LPSRUWDQW FRQFOXVLRQV :KLOH IRU 3( WKH DPRUSKRXV SHDN LV ZHOO
UHVROYHGDQGVHSDUDWHGIURPWKHFU\VWDOOLQHRQHLQ2)WKHWZROLQHVDUHQRWDV
ZHOO UHVROYHG ,Q WKLV FDVH LW LV SRVVLEOH WR ILW WKH DPRUSKRXV SHDNZLWK WZR
*DXVVLDQV RQH DW WKH VDPH FKHPLFDO VKLIW DV LQ 3(  SSP DQG DQ
DGGLWLRQDOSHDNDWSSPQRWSUHVHQWLQWKH'VSHFWUXPRI3(DQG($V
PHQWLRQHG DERYH WKH DPRUSKRXV SHDN FRUUHVSRQGV WR;
<







QXFOHL ZLWK RQH DQG WZR JDXFKH FRQIRUPHUV LQ WKH J SRVLWLRQ UHVSHFWLYHO\
7KLV LPSRUWDQW UHVXOW FDQEHH[SODLQHGE\FRQVLGHULQJ WKHQDWXUHRI WKH IROG
2XUH[SHULPHQWDO UHVXOWV VKRZ WKDW LQ2) WKH IROG LV YHU\ WLJKW DQG LQYROYHV
RQO\  FDUERQ QXFOHL &RPSXWHU PRGHOV RI 3( IROGV LQ WKH OLWHUDWXUHB
CD
SUHGLFWVLPLODUWLJKWIROGVLQYROYLQJRQO\FDUERQQXFOHLZLWKWKHERQGVLQ





FRQIRUPDWLRQ VR WKDW WKH RQO\ SHDN SUHVHQW LQ WKH VSHFWUXP LV WKH RQH WKDW
FRUUHVSRQGVWRWKHFDUERQVZLWKRQO\RQHJFDUERQJDXFKHSSP














QXFOHL LQYROYHG LQ WKH IROG FDQ LQFUHDVH E\ DVPXFK DV  QXFOHL 7KHVH
FRQVLGHUDWLRQV DUH VXSSRUWHG E\ RXU105 GDWD LQ )LJXUH  ZKHUH WKH P
Q
&
VSHFWUXPRI D VDPSOH WKDWZDV UDSLGO\ TXHQFKHG IURP WKHPHOW LV VKRZQ ,Q
WKLVFDVH WKHSHDNDWSSPIRU WKH DPRUSKRXVSDUW LVPXFKPRUH LQWHQVH
WKDQ LQ)LJXUHD VLQFH WKHQXPEHURIQXFOHL LQYROYHG LQ WKH IROG LQ WKLV
FDVH HTXDO WR DERXW  FDOFXODWHG IURP WKH QRUPDOL]DWLRQ ZLWK WKH PHWK\O
JURXSV ,W LV DOVR LPSRUWDQW WRQRWLFH WKDW LQ WKLV FDVH RQO\ WKH SHDN DW 
SSPLVSUHVHQWLQWKHVSHFWUXPIRUWKHDPRUSKRXVSDUW$VH[SHFWHGWKHUHDUH
QRFDUERQQXFOHLWKDWKDYHWZRJFDUERQVLQDJDXFKHFRQIRUPDWLRQEHFDXVHLQ



























































































































































































































































































































































































;UD\VFDWWHULQJZRUNGRQHRQ WKH VDPSOH DV UHSRUWHG LQ5HI7KHUHIRUH
FKDLQ GLIIXVLRQ FDQQRW EH WKH RQO\ ZD\ IRU WKH FU\VWDOOLQH PDJQHWL]DWLRQ WR
UHFRYHU DQG RQFH DJDLQ D FU\VWDOOLQH SRUWLRQ WKH LQWHUSKDVH WKDW UHOD[HV
WKURXJKDUDSLG7ùUHOD[DWLRQSURFHVVPXVWEHSUHVHQW2XUVLPXODWLRQVILWWKH
H[SHULPHQWDO GDWD IRU ERWK 2) DQG ( XVLQJ D PRGLILHG YHUVLRQ RI WKH
VLPXODWLRQ SURJUDPGHYHORSHG SUHYLRXVO\ IRU8+0:3()RU2) WKHPRGHO
FRQVLVWV RI  FU\VWDOOLQH VWHPVZLWK  UHSHDW XQLWV DQG  DPRUSKRXV ORRS
SOXV WZR FKDLQ HQGV ZLWK  UHSHDW XQLWV 7KH LQWHUSKDVH FRQVLVWHG RI 
QXFOHL # RI WKH FU\VWDOOLQH SKDVH ZKLFK DOWKRXJK FRQWULEXWLQJ WR WKH
FU\VWDOOLQH VLJQDOZHUHPDGH WR UHOD[ZLWK D 7ú#  V$Q DYHUDJH RYHU WHQ
VLPXODWLRQVZDV WDNHQ LQRUGHU WRREWDLQ DPRUH UHOLDEOH UHVXOW$ VFKHPDWLF















QRUPDOL]HG WR WKH PHWK\O LQWHQVLW\ DUH VKRZQ LQ )LJXUH  IRU 2) DQG LQ
)LJXUHIRU(
,Q WKH VLPXODWLRQV RI WKH DPRUSKRXV SHDN LQWHQVLWLHV WKH FXUYHV VKRZ DQ
RVFLOODWLRQ WKDW LV YLVLEOH LQ WKH JUDSKV DV ³QRLVH´ 7KLV IHDWXUH FDQ EH
H[SODLQHGE\WKHIROORZLQJDUJXPHQW$VLQ8+0:3(WKHQXPEHURIFDUERQ
QXFOHLWKDWDUHLQWKHDPRUSKRXVSDUWFDQYDU\DWHDFKGLIIXVLRQVWHSGXHWRWKH
GLIIHUHQW QXPEHU RI DWRPV WKDW DUH LQYROYHG LQ WKH IROG DW D SDUWLFXODU WLPH
1HYHUWKHOHVVLQFRQWUDVWWR8+0:3(ZKHUHWKHUHLVDODUJHDPRUSKRXVSDUW
PRUH WKDQ  FDUERQ QXFOHL IRU 2) DQG ( WKH YDULDWLRQ RIr FDUERQ
QXFOHL FDQ EH REVHUYHG DV LW UHSUHVHQWV D VLJQLILFDQW IUDFWLRQ RI WKH WRWDO
DPRXQWRIFDUERQVLQWKHDPRUSKRXVSKDVH$OWKRXJKWKLVGRHVQRWDIIHFW WKH










































































































































































































































































































































































































































































































































































































































































































































































































































































































































D QRUPDO FS VSHFWUXP DV VKRZQ LQ )LJXUH  ZKHUH WKH FS VSHFWUXP RI
&&'(+)*)G+, H[WHQGHG IRUP LV UHSRUWHG WRJHWKHU ZLWK D FS VSHFWUXP RI
&-./+010(7KHVSHFWUDZHUHUHFRUGHGZLWKWKHVDPHFRQGLWLRQVDVLQ)LJXUH
DSDUWIURPWKHLQLWLDOFURVVSRODUL]DWLRQFDUULHGRXWZLWKDFRQWDFWWLPHRI
PVDQGDW2  V7KH FS VSHFWUXPVKRZQ LQ)LJXUH  FRQILUPV WKDW WKH
VDPSOHKDVRQHGHXWHUDWHGFKDLQHQGVLQFHWKHSHDNVDVVRFLDWHGZLWKWKHFKDLQ












VSHFWUD )LJXUH  FDQ EH WUHDWHG DV D VXSHUSRVLWLRQ RI WKH VSHFWUXP LQ WKH





TXLWH GLIIHUHQW IURP DOO WKH RQHV UHSRUWHG LQ OLWHUDWXUH IRU 3(
<=
 ,Q WKH ODWWHU
FDVHWKHDPRUSKRXVSDUWZDVSUHVHQWDVD/RUHQW]LDQSHDNLQWKHPLGGOHRIWKH
3DNH SDWWHUQ WKDW WHQGHG WR GLVDSSHDU DW ORZ WHPSHUDWXUH ZKHQ WKH HQWLUH
SRO\PHULVFRQVLGHUHGWREHULJLG,QRXUVDPSOHWKHDPRUSKRXVSDUWJLYHVULVH








KDV EHHQ XVHG ZKLOH LQ )LJXUH  E WKH WE ZDV RQO\  V LQ RUGHU WR
HPSKDVL]HWKHPRELOHSDUW
7KHPHWK\OOLQHVKDSHPRWLRQDOO\QDUURZHG3DNHSDWWHUQGRHVQRWGLVDSSHDU
DW ORZ WHPSHUDWXUHV DQG LV ZHOO UHVROYHG IURP DERXW ±
F
& $W WKHVH



































































































































































































































































































































































































































































































,Q RUGHU WR ILW WKH H[SHULPHQWDO OLQH VKDSH ZH ZURWH D VLPXODWLRQ SURJUDP













URWDWLRQRI WKHPHWK\OJURXSV LV LQFOXGHGDVD WKUHHVLWHPRWLRQ LQWHUFKDQJH
EHWZHHQ WKUHH&+ERQG GLUHFWLRQVZLWK D VKRUW FRUUHODWLRQ WLPHZKLOH WKH
UHVW RI WKH FKDLQ XQGHUJRHV WKH FUDQNVKDIW ERQG PRWLRQ ZLWK D ORQJHU
FRUUHODWLRQ WLPH VORZHU FUDQNVKDIW PRWLRQ )RU KLJK WHPSHUDWXUHV WKH
LQWURGXFWLRQRI LVRWURSLFPRWLRQVZDVQHFHVVDU\ ,Q)LJXUHDQG)LJXUH
WKH FDOFXODWHG OLQH VKDSH LV VKRZQ WRJHWKHU ZLWK WKH H[SHULPHQWDO UHVXOWV
REWDLQHG DW GLIIHUHQW WHPSHUDWXUHV7KH H[SHULPHQWDO OLQH VKDSH LV VLPXODWHG






x $ PRUH PRELOH SDUW  KDYLQJ D FRUUHODWLRQ WLPH RI  PV
FUDQNVKDIW
x $ YHU\PRELOH SDUW ZLWK D FRUUHODWLRQ WLPH RI PV IROG
URWDWLRQ





HDV\ WR HYDOXDWH ZKLFK SDUWV RI WKH FKDLQV DUH UHVSRQVLEOH IRU WKH GLIIHUHQW
FRQWULEXWLRQV WR WKH OLQH VKDSH 7R FDOFXODWH WKH SHUFHQWDJH RI &'« LW LV










SRVVLEOH WR VD\ WKDWDQRWKHU IRXU³+QXFOHLDUH UHODWLYHO\PRELOHHYHQ LI WKH\
PRYHPRUH VORZO\ WKDQ WKH &'´ JURXSV 7KLVPHDQV WKDW HYHQ DW WKHVH ORZ
WHPSHUDWXUHV D YHU\ VPDOO SRUWLRQ RI WKH FKDLQ LV XQGHUJRLQJ VRPH PRWLRQ




























$W KLJKHU WHPSHUDWXUHV WKH LVRWURSLF FRPSRQHQW SOD\V WKH ODUJHVW UROH DQG


































































































































































































































































































































WKH UHOD[DWLRQ WLPHV IRU WKH GLIIHUHQW SRUWLRQV RI WKH GHXWHUDWHG VDPSOHVZH
SHUIRUPHGWKHVDWXUDWLRQUHFRYHU\H[SHULPHQWDVH[SODLQHGLQVHFWLRQ




FOHDUO\ EH VHSDUDWHG LQWR D UDSLG LQFUHDVH GXH WR PRELOH GHXWHURQV LQ WKH
DPRUSKRXV UHJLRQV DQG D VORZ LQFUHDVH GXH WR ³ULJLG´ GHXWHURQV LQ WKH
LQWHUSKDVH UHJLRQV:HGHWHUPLQHG WKH VSLQODWWLFH UHOD[DWLRQ WLPHDW YDULRXV
WHPSHUDWXUHV IRUERWK ULJLG 7MN DQG DPRUSKRXV 7OP GHXWHURQV SHUIRUPLQJ
WKHVDWXUDWLRQUHFRYHU\H[SHULPHQWVDWGLIIHUHQWWHPSHUDWXUHV,Q)LJXUHWKH
LQFUHDVHRIWKHLQWHJUDOLQWHQVLW\IRUWKHZKROHUDQJHRIIUHTXHQFLHVDUHVKRZQ
DW WKUHH GLIIHUHQW WHPSHUDWXUHV ,W LV LPSRUWDQW WR QRWLFH WKDW DW URRP
WHPSHUDWXUH LW LV LPSRVVLEOH WR ILW WKH H[SRQHQWLDO LQFUHDVH ZLWK RQO\ RQH
H[SRQHQWLDO FXUYH EHFDXVH WKH WZR GLIIHUHQW SKDVHV LQWHUSKDVH DQG
DPRUSKRXVDUHERWKSUHVHQW LQ WKHSHUFHQWDJHVVKRZQ LQ7DEOH:KHQ WKH
WHPSHUDWXUHLQFUHDVHVWKHSHUFHQWDJHRI WKH LQWHUSKDVHSDUW WHQGV WRGLPLQLVK
DQG IRU D WHPSHUDWXUH HTXDO WR 
Q
& LW LV DOUHDG\ SRVVLEOH WR ILW WKH
H[SHULPHQWDOFXUYHZLWKMXVWRQHH[SRQHQWLDOSURYLQJWKDWDWWKLVWHPSHUDWXUH
DOPRVW DOO WKH GHXWHUDWHG FDUERQV FDQ EH FRQVLGHUHG WR EH LQ WKH DPRUSKRXV
SKDVH








(LJKWX+ DWRPV DUH WKHQ LQ WKH DPRUSKRXV SDUW DW URRP WHPSHUDWXUH 7KLV
PHDQV WKDW H[FOXGLQJ WKH PHWK\O DQG WKH PHWK\OHQH JURXS ERQGHG WR WKH
PHWK\ODERXWFDUERQQXFOHLDUHLQWKHDPRUSKRXVSKDVHDFFRUGLQJWRWKLV









& 7Z[ 7Z\ , $
 V V  
 V V  










































































































































































































































































































































































































































































7KH SHFXOLDULW\ RI WKHPL[WXUH LV WKDW WZRQDONDQHV KDYLQJ GLIIHUHQW OHQJWKV
DUHPL[HGDQGRQO\WKHORQJHUQDONDQHKDVGHXWHUDWHGFKDLQHQGV,Q)LJXUH
WKHVROLGHFKRVSHFWUDDWGLIIHUHQWWHPSHUDWXUHVRIWKHPL[WXUHDUHVKRZQ,WLV
SRVVLEOH WR VHH WKDW WKHUH DUH VLJQLILFDQW GLIIHUHQFHV IURP WKH FDVH VWXGLHG







 ,Q WKDWPRGHODELQDU\PL[WXUHRI ORQJQDONDQHVZLWK
WKH FKDLQ OHQJWK UDWLR EHWZHHQ  DQG  KDYH EHHQ IRXQG WR IRUP




VKRUWHU QDONDQH FKDLQV DUH IXOO\ FU\VWDOOLQH DQG FRQILQHG WR WKH FU\VWDOOLQH
OD\HU LQ WKH KLJKWHPSHUDWXUH SKDVH WKH ORQJHU QDONDQH FKDLQV WUDYHUVH WKH
FU\VWDOOLQH OD\HU DQG WKH VXUSOXV OHQJWK WKH FLOLD IRUP WKH DPRUSKRXV OD\HU
%HORZWKHSKDVHWUDQVLWLRQWHPSHUDWXUHDFFRUGLQJWR8QJDUDQG=HQJWKHUHLV
WKH IRUPDWLRQ RI D VXSHUODWWLFH FU\VWDOOLQH VWUXFWXUH EDVHG RQ D WULSOHOD\HU









D VLQJOH OLQH GXH WR LVRWURSLF PRWLRQ DW ORZ WHPSHUDWXUHV 
¢
& VHHQ LQ
)LJXUH  VXSSRUWV D VWUXFWXUH ZKHUH WKH VPDOO PLGGOH OD\HU LV QRW WRWDOO\
FU\VWDOOLQH HYHQ DW 
¢
& 2Q WKH RWKHU KDQG LI WKH PLGGOH OD\HU ZDV
FRPSOHWHO\ DPRUSKRXV ZH VKRXOG QRW EH DEOH WR REVHUYH DQ\ VWDWLF
FRQWULEXWLRQ LQ WKH OLQH VKDSH RI )LJXUH  HYHQ IRU WHPSHUDWXUHV EHORZ
£&7KHIDFW WKDWZHVHHDVWDWLFFRQWULEXWLRQIRU WHPSHUDWXUHVXS WR£&





WREHPRUH JUDGXDO IURPRXU105GDWD DVZH GR QRW VHH D VKDUS FKDQJH DW





$OO WKHVH UHVXOWV DUH FRQILUPHG E\ WKH 6DWXUDWLRQ±5HFRYHU\ H[SHULPHQWV
SHUIRUPHGRQ WKLV VDPSOH 6HH7DEOH DV VHHQ IRU WKH&ª«¬+­®­Gª­ VDPSOH
7KHPRWLRQ LQ WKLVFDVH LVPXFK IDVWHU DQGDOUHDG\DWD WHPSHUDWXUHHTXDO WR
DERXW
¯
& WKH105VHHV WKHPLGGOH OD\HU UHOD[LQJZLWK WZR7° FRQVWDQWV
RQH RI WKHP 7±²³ DWWULEXWHG WR WKH YHU\ PRELOH FKDLQ HQGV PHWK\O ODVW
PHWK\OHQHERQGHGWRWKHPHWK\OKDYLQJDYHU\VKRUWFRUUHODWLRQWLPHDQGWKH
RWKHU RQH 7±² DWWULEXWHG WR WKH PLGGOH OD\HU WKDW LV PRUH PRELOH WKDQ WKH
LQWHUSKDVH LQ&´±µ+¶·¶G´¶ DVH[SODLQHGDERYH7KLVSURYHV WKHSHFXOLDULW\RI






& 7¹ºD 7¹»D , $ 7¼½E 7½¾E 0 0$
 V V   V V  















































































































































































































VDPSOHV &!"#+$%$G!$ DQG WKH PL[WXUH VKRZV VRPH LQWHUHVWLQJ IHDWXUHV $V
GLVFXVVHGDERYHWKHLQQHU3DNHSDWWHUQLVGXHWRDIDVWPRWLRQZKHUHWKHUHLV
DQ LQWHUFKDQJH EHWZHHQ WKUHH &+ ERQG GLUHFWLRQV WKDW ZDV DWWULEXWHG IRU
VDPSOH &!"#+$%$G!$ WR WKH URWDWLRQRI WKHPHWK\OJURXS ,Q WKHPL[WXUH WKH





)ROORZLQJ WKH VDPH SURFHGXUH DV LQ VHFWLRQ  ZH ILWWHG DOO WKH
H[SHULPHQWDO OLQH VKDSHV DW GLIIHUHQW WHPSHUDWXUHV XVLQJ RXU VLPXODWLRQ




ZH FDQ VD\ WKDW HYHQ DW WHPSHUDWXUHV DV ORZ DV 
&






x 7KH GDWD DUH HDVLO\ VLPXODWHG XVLQJ WKH VDPH PRGHO DV LQ VDPSOH






WKH VWUXFWXUH RI VDPSOH &'()+*+*G'* GUDVWLFDOO\ FKDQJHG WKH RYHUDOO













































































































































































































































































































































































































































































































































































































































































































































































7KHPDLQ DLP RI VHFWLRQ  ZDV WR HOXFLGDWH VRPH LQWULJXLQJ LVVXHV VXFK DV
VWUXFWXUHPRUSKRORJ\ DQGPRWLRQ RI SRO\PHULFPDWHULDOV DQG ORQJ FKDLQQ
DONDQHV 6RPH LQWHUHVWLQJ H[SHULPHQWDO UHVXOWV WRJHWKHU ZLWK WKHRUHWLFDO
PRGHOV JDYH DQ LQVLJKW RQ LPSRUWDQW VFLHQWLILF TXHVWLRQV VXFK DV FKDLQ
IROGLQJPRWLRQDQG105UHOD[DWLRQPHFKDQLVPV7KLVHQDEOHGXVWRFRUUHODWH
WKH SURSHUWLHV RI WKH VDPSOHV VWXGLHG WR WKHLU VWUXFWXUHV DQG ILQDOO\ WR WKH
GLIIHUHQW SUHSDUDWLRQ SURFHGXUHV :H PDQDJHG WR FKDUDFWHUL]H VLPSO\ E\
105 PHDVXUHPHQWV VDPSOHV WKDW KDYH EHHQ SUHSDUHG LQ GLIIHUHQW ZD\V
KLJKOLJKWLQJ DQG H[SODLQLQJ VLPLODULWLHV DQGRU GLIIHUHQFHV ZLWK DQDORJRXV
VWXGLHVIRXQGLQWKHFXUUHQWOLWHUDWXUH





UHVSRQVLEOH IRU WKH UHFRYHU\ RI WKHPDJQHWL]DWLRQ LQ WKH LQWHUSKDVH DV ERWK
W\SHVRIPRWLRQVLPSO\WKHSUHVHQFHRIVRPHJDXFKHFDUERQERQGVWKDWZRXOG
VKLIW WKH FDUERQ VLJQDO WR WKH ³DPRUSKRXVSKDVH´ UHJLRQ )RU WKLV UHDVRQZH
SURSRVH WKDW WKHPRWLRQ UHVSRQVLEOH IRU WKH UHFRYHU\RI WKHPDJQHWL]DWLRQ LQ
WKH LQWHUSKDVH LQYROYHV WKH GLVSODFHPHQW RI D ODUJH VHFWLRQ RI WKH FKDLQ ,W
VHHPV UHDVRQDEOH WR WKLQN WKDW WKLV SRUWLRQ RI WKH FKDLQ WKH LQWHUSKDVH LV
GUDJJHG E\ WKH PRELOH FKDLQ HQGV LQWR VRPH VRUW RI PRWLRQ WKDW DOWKRXJK





)URP WKH105 LQYHVWLJDWLRQ RI ORQJ FKDLQQDONDQHVZH KDYH EHHQ DEOH WR
GUDZVRPHLPSRUWDQWDQGXQDPELJXRXVFRQFOXVLRQV)LUVWRIDOOLQWKHFDVHRI
&cde+dfd RXU 105 GDWD FRQILUPHG WKDW LW LV SRVVLEOH WR SUHSDUH UHYHUVLEO\
IURPWKHVDPHQDONDQHERWKWKHRQFHIROGHG2)DQGWKHH[WHQGHG(IRUP
GHSHQGLQJ RQ WKH UDWH RI FRROLQJ WKH VDPSOH IURP WKHPHOW 3DUWLFXODUO\ZH
KDYHEHHQDEOHWRFDOFXODWHIRU2)WKHQXPEHURIFDUERQQXFOHLLQYROYHGLQWKH





IRU GHWDLOV VHH VHFWLRQ  DPXFKPRUH FU\VWDOOLQHPDWHULDO LV SURGXFHG
6XFKDFRPSRXQGODEHOOHG2)LQWKHSUHYLRXVVHFWLRQVZDVVWXGLHGE\VROLG
VWDWH105DQGWKHIROORZLQJFRQFOXVLRQVFRXOGEHGUDZQ
x 7KH QXPEHU RI FDUERQ QXFOHL LQYROYHG LQ WKH IROG LV |  DW URRP
WHPSHUDWXUH DQG
|
  DW 
g
& DQG WKLV ILQGLQJV VWURQJO\ VXSSRUW WKH
DGMDFHQW UHHQWU\ PRGHO IRU WKLV NLQG RI VHPLFU\VWDOOLQH PDWHULDOV
ZKHUHWKHIROGVDUHUHJXODUDQGWLJKW
x 7KH UHFRYHU\ RI WKH PDJQHWL]DWLRQ WKDW LV WKH UHOD[DWLRQ SURFHVV LV
GXH LQ WKLV FDVH DV LQ 8+0:3( WR WZR GLIIHUHQW IDFWRUV FKDLQ












































LV VWLOO D ODUJH IUHH YROXPH LQ WKH YLFLQLW\ RI WKH FKDLQ HQGV ZKHUH ZLGH
PRYHPHQWVDUHDOORZHG
,W VHHPHG TXLWH FOHDU DW WKLV VWDJH WKDW WKH VWUXFWXUH RI WKH QDONDQHV LV DQ
DOWHUQDWLRQRIFU\VWDOOLQHDQGDPRUSKRXVLHPRUHPRELOHODPHOODHDVLWZDV
SURSRVHG E\ ; =HQJ DQG * 8QJDU
st











REWDLQ SDUWLDOO\ GHXWHUDWHG VDPSOHV VXFK DV &vtw+xuxGvx D DQG IURP WKH
DQDO\VLV RI WKH GDWD LWZDV SRVVLEOH WR FRQILUP WKDW LQ WKH( IRUP RI WKLVQ
DONDQHVRQO\WKHFKDLQHQGVPHWK\OODVWPHWK\OHQHERQGHGWRWKHPHWK\ODQG




DQ LQVLJKWRQ WKHPRWLRQRIVXFKD ORQJQDONDQH%HLQJRQO\ WKH FKDLQHQGV
GHXWHUDWHGZHKDYHEHHQDEOH WRREVHUYHWKHPRWLRQRISDUWRI WKHPROHFXOHV
QRUPDOO\QHJOHFWHG LQ WKH105VWXGLHVRISRO\PHUVVXFKDV WKHPHWK\ODQG




7KHGHXWHULXP105UHVXOWV IRU WKHPL[WXUHRIQDONDQHVRIGLIIHUHQW OHQJWKV
KDYH EHHQ FRPSDUHG ZLWK WKH GDWD SUHYLRXVO\ REWDLQHG IRU WKH SDUWLDOO\
GHXWHUDWHG
 
VDPSOH D 7KH UHVXOWV FDQ EH H[SODLQHG E\ DVVXPLQJ WKDW WKH
PL[WXUH KDV D VXSHUODWWLFH VWUXFWXUH DV SURSRVHG E\ 8QJDU DQG =HQJ
1HYHUWKHOHVV RXU GDWD VHHP WR VKRZ WKDW WKH PLGGOH OD\HU LV QRW SHUIHFWO\
FU\VWDOOLQHHYHQ DW ORZ WHPSHUDWXUHV FRQWUDGLFWLQJ WKH IDFW WKDWDOO WKH OD\HUV
DUH FU\VWDOOLQH LQ WKH VXSHUODWWLFH VWUXFWXUH )XUWKHUPRUH RXU 105
LQYHVWLJDWLRQV VKRZ WKH WUDQVLWLRQ EHWZHHQ WKH WZR GLIIHUHQW SKDVHV ORZ
WHPSHUDWXUHDQGKLJKWHPSHUDWXUHEXWWKLVGRHVQRWDSSHDUDVVKDUSDV8QJDU
DQG =HQJ KDYH VWDWHG:H WKLQN WKDW EHFDXVH RI WKH SRO\PHULF VWUXFWXUH RI








)LQDOO\ LW LVZRUWKQRWLQJ WKDW LQRUGHU WRKDYH D FRPSOHWHXQGHUVWDQGLQJRI
KRZLWLVSRVVLEOHWRDOWHUWKHFU\VWDOOLQLW\DQGWKHUHIRUHWKHSURSHUWLHVRIORQJ
FKDLQQDONDQHVDQGSRO\HWK\OHQHDQDFFXUDWHVWXG\RIWKHFRUUHODWLRQEHWZHHQ





,ZRXOG OLNH WR WKDQNDOO WKHSHRSOHZKRKHOSHGPHGXULQJ WKHFRXUVHRIP\
UHVHDUFKLQ1RWWLQJKDPDQGLQSDUWLFXODU
0\VXSHUYLVRU'U-HUHP\-7LWPDQZKROHGDQGHQFRXUDJHGPHWKURXJKRXW
WKHZKROHSHULRGRIP\3K'+H UHSUHVHQWV D VFLHQWLILF JXLGH WRPHKDYLQJ
WDXJKWPHQRWRQO\ DSRUWLRQRIKLV105NQRZOHGJHEXWPRVW LPSRUWDQW D
JHQHUDO YDOLG DSSURDFK WRZDUGV WKH VFLHQWLILF UHVHDUFK WKDW LV DSSOLFDEOH LQ
HYHU\ILHOGRIVFLHQFH
'U -RKQ*RGZDUG IRU KLV KHOSIXO VXSSRUW GXULQJ KLV VKRUW SHUPDQHQFH LQ
1RWWLQJKDPKLVDGYLFHVDERXWFRPSXWHUDQGSURJUDPPLQJLVVXHVZHUHDOZD\V
SUHFLRXVWRPH
$OOP\ IULHQGV IURP WKH URZLQJ FOXE SDUWLFXODUO\'U0DUN*LOORWW ZKR ,
VSHQWVRPXFKJRRGWLPHZLWKDQG&ROLQ7UR\ZKRZDVDOZD\VYHU\KHOSIXO
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